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ABSTRACT

Phylogenetic analyses of long-tongued bees were made using up to 82 taxa, 131 adult characters, and 77 larval char-
acters. Onl\ two families of long-tongued bees are recognized, Megachilidac and Apidae. The Pararhophitini and Fi-
deliini form a subfamily, Pldclmnc ()f Megachilidae. The subtamilies of Apidae recognized are Nomadinae, Nyvlocopinae,
and r\])llld(‘ The tribes Isepeolini, ()smm, and Protepeolint are part of the Apnme not part of the Nomadinae. I)N)h[)F—
olusis a junior synonym of Leiopodus. The tribes Euglossini, Bombini, Apini, and Meliponini form a distinctive clade aris-
ing from within the su])fuml\ Apm.lc The C lump]ean idae is recdhuiced to tribal status within the Apinae. The Exomalopsini
of authors is dismembered, forming the tribes Exomalopsini and Tapinotaspini, and the genus Ancyloscelis joining the
Emphorini as a suburibe. Eucerinoda is ncluded in its own subtribe in the Eucerini and the Anevlini are tentatively sepa-
rate [rom but close to the Eucerini. New family-group names (tribal and subtribal) proposed are Hexepeolini, Brachyno-

madini, Tapinotaspini. and Ancyloscelina.

INTRODUCTION

Despite many studies, the classification and phylogeny of

bees has never reached astage at which most authors could
agree on one classification and one probable phvlogeny. In-
tuitive processes have led to diverse systems rather than
one system. The problem is particularly acute among the
long-tongued (hereafter L-T) bees (defined below), the
higher taxa of which seem less differentated than the com-
monly accepted families (or subfamilies) of short-tongued
(S-T) bees. We therefore selected the L-T bees for cladis-
tic study to see if more satisfying results could be obtained.

The L-T bees include the forms often placed in the fam-
ilies Anthophoridae (including Nomadinae and Xylocop-
inae), Apidae, Fidehidace and the genus Pararhophites, and
Megachilidae: as discussed below, the family Ctenoplectri-
dae should also be included.

The expressions L-T and S-T are in many wavs inappro-
priate (Michener and Greenberg, 1980; Laroca et al., 1989),
for there are L-T bees with short glossae and S-T bees with

long glossae. The L-T bees constitute a monophvletic group

ordinarily characterized by having the first two segments of

the labial palpi clongate and flattened, hnmmtlr with the
galeae a sheath around the long glossa that is |n\()l\( din
the nectar imbibing process. P’l]pdl segments 3 and 4 are
small, directed laterally, and not ﬂ.lm ned; occasionally
they are absent. The m(m()ph\lv of the L-T bees is further
indicated by the other characters on Cladograms I and 2
that show L-T bees as the sister group of the Melittidae.
For some time it has been known that among parasitic
Allodapini there exist species obviously refated to the 1-T

1

nonparasitic allodapines but without long flat basal seg-
ments of the labial palpi and with the glossa relatively short.
This trend reaches its extreme in the South African para-
sitic genus Lucondylops (Michener, 1970). The parasitic al-
lodapines arc mostly not known to visit flowers; they must
feed in the nests of their host bees, other allodapines. Thus
they do not need equipment for extracting nectar from flow-
ers, and appear to have lost it. Likewise, as c‘mphusized by
Silveira (in press). the genus Aunqyla, which visits shallow- flow-
ered Apiaceae (1’()p0\ 1949). has no long flat segments of
the Tabial palpi. and vet it seems to be a close relative of
Tarsalia, an obyvious L-T bee (see Silveira, 1993). Warncke
(1979) separated Ancyla and Tarsalia only subgenerically.

Finally, Ctenoplectra, often given familial status because of its
combination of characteristics of L-T bees with labial palpi
of S-T bees (Michener and Greenberg, 1980), clearly is a
member of the L-T bee clade (see Results); it pr ()l)d})]\ lost
the palpal characteristics of that clade. 1t follows, then, that
our study includes members of the I-T bee clade, whether
or not they ac tually have the long, flattened segments of the
labial palpl Of the three taxa listed above, however, only
Ctenoplectra was included in the cladistic analysis: the (>1h-
ersare too rare to dismember for detailed study and more-
over, their relationships to obvious L-T bees are clear
(Lucondylops to Allodapula, Ancyla to Tarsalia).

In addition to characters of adults, on which earlier clas-
sifications have been based, we have considered larval char-
acters; we exannme phyvlogenies based upon adults, upon
larvae, and upon the two stages together. In reality, partly
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because they are stll known only from a limited number of

taxa, the Lnvae contributed relatively little to our conchusions.
The following abbreviations are used throughout this
work:
L-T
ST

long-tongued
short-tongued

T, T2, ete. first, second, etc. metasomal terga

S1, 82, ete.  first, second, etc. metasomal sterna

In the phylogenetic analyses, L = tree length, T = number
of trees, ci = consistency index, and 11 = retention index.
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HISTORY OF THE CLASSIFICATION OF
LONG-TONGUED BEES

This section is by no means an exhaustive treatment of

the history of apoid classification, or classification of L-T bees.
We limit ourselves to several classifications to iHustrate the
diversity of opinions, and to some more recent works that
have a direct bearing on our work. We also limit ourselves,
in this section, to (ldllh characters since characters ol
immature stages have not played a major role in bee classi-
fication.

In his great work on British bees, Kirby (1802) distin-
guished L-T from S-T bees, using a generic name for each,
Apis and Melitta vespectively. In the same year Lawreilie
(1802) recognized the same two groups as families, the
Apiariae and Andrenetac. Subsequent authors such as Smith
(1853), Cresson (1887) and Warncke (1977) recognized the
same two families, Apidae and Andrenidae.

There were, however, divergent opinions. Lepeletier
(1836, 1841) and Schmiedeknecht (1882) classified bees on
the hasis of habits: solitary, social, and parasitic. There were
L-T bees included in each of these three categories. Many
subsequent classifications followed this svstem, placing par-
asitic bees in separate taxa from the nonparasitic ones. Ash-
mead (1899) also put all bees that he knew to be parasitic
(even Psithyrus) in separate families, but these were placed
among his families of nonparasitic bees. Tkalca (1972, 1974)
revived the idea of separate clades for all parasitic bees
(cleptoparasites as well as social parasites like Psithyrus),
suggesting that they arose from non-polien- -collecting an-
cestors of the pn]len -collecting taxa. This wonld nnpl\ that
there were different wasp ancestors for the various major
groups of parasitic bees and therefore for groups of other
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bees as well. To us there is strong evidence for monophyly
ol all bees (Brothers, 1975), as we 1] as of the L-T bees (Mich-
cner and Greenberg, 1980).

Another classification that intermixed L-T and S-T hees
was that of Robertson (1904). His was a thoughtful classifi-
cation, but based almost exclusively on the fauna of a lim-
ited region (southern Hlinois). it divided bees into two
groups of families, those with and those without pygidial
plates. Had Robertson studied any of the majority of Col-
letinae in the world (for example, Imo/)m(tus) that have pyv-
gidial plates, he would have recognized his errvor. 1t is now
clear that the plate is an ancestral character that has been
lost independently among various lineages ol bees as well
as wasps, but Robertson’s L]d\\lﬁ(dll()l] was widely accepted
for several decades.

We turn now more strictly to the L-T bees. Schenck (1859,

1869) transferred Ceratina {from the parasitic bees, where it
had been placed by Lepeletier (1841), 10 the Anthophor-
idae. (He also included the ST genera Melitturga and Sys-
tropha in the Anthophoridae.) I\cn Borner (1919) still
placed Ceratina among the parasitic bees in the Nomadidae.
Schenck also separated the parasitic megachilids {rom the
parasitic anthophorids, but did not place either with its
nonparasitic refatives. tis relevant to onr study that Schenck
placed melittids between the ST families (he called them
subfamilics but used the -idac ending) and the 1-T families.
Thomson (1872) placed most of the parasites in taxa (tribes)
with their nonparasitic relatives but associated the melittids
(5-T) with Ceratina and Anthophora in one wribe.

Robertson (1904) was the first to clearly recognize such
groups as the Eucerim and Emphorini; he called them
families.

Michener (1944) recognized the Lithurginae as quite
different from the Megachilinae in spite of similar appear-
ance. He also recognized numerous tribes of Nomadinae,
separate from the parasitic Anthophorinae such as the tribe
Melectini. He assembled the Melittidae, our principal out-
group for the study of L-T bees, although it had earlier been
dispersed in varions wavs and sometimes associated with
rophitine or panurgine genera, and he incinded Ctenoplec-
train the Melittidae. He placed the Fideliinac and the An-
thophorinae in the Apidae, Pararhophites being in the
subfamily Anthophorinae. Minor subsequent modifications
were summarized by the classification used in Michener
(1979). Anthophoridae was nnfortunately recognized there
as a family separate from Apidac.

Stistera (1958) proposed a classification in many ways not
too different from those of Michener, but with the No-
madinae divided. The Nomadini, Ammobatini and Pasitini
were in the Andrenidae. an S-T family, while the Epcolini,
Epeoloidini, and other parasitic anthophorines remained
in the Anthophoridae, an L-T family.

Warncke (1977) gave a quite different classification, as
noted above, using the two families Apidae and Andrenidae.
Like some other anthors, he recognized the similarity of Me-
litidae (an S-T tamily) to L-T bees, and indeed he placed
them (as a subfamily) in the Apidae. Pararhophites was in-



126

cluded in the Melittinae. Other features that seem strange
are inclusion of Exomalopsis and Fidelia in the Ceratininae,

and of Manuelia and Xylocopa with Ancyla in one group of

Anthophorinae.

Rozen (1977). after studying larvae of Fideliinae, trans-
ferred the subfamily to the Megachilidae. McGinley and
Rozen (1987) \upporlcd the above placement of Fideli-
inae and Rozen in the same paper placed Pararhophites near
the Fideliinae in the Megachilidae. These placements are
strongly supported by the present study.

Michener and Greenberg (1930) supported the placement
of Melittidae as derived from other S-T beces, as indicated
by Michener in 1944, Thev considered Melittidae as the sis-
ter group to Ctenoplectridae and the L-T bees together, and
separated Ctenoplectridae from the Melittidae as a family
of S-T bees with features of L-T bees, and the sister group
to the L-T bees. We show that this placement is incorrect
in the Phylogenetic Analyses, below.

dl\d”.llnl and Michener (1987) proposed the tribe
I\]dnuclnm in the Xvlocopinae, and indicated that the Ny-
locopinae and the apine clade (meaning Apini, Bombini,
[uglossini, and Mehponini) are sister groups. This viewpoint
is not supported by the present study.

From this brief and incomplete historical review, the lack
of consensus throughout the history of bee classification is
clear. Disagreement as to taxonomic rank is of minor im-
portance; recent authors place bees in one, two, or up to
eleven famihes. The interesting disagreements concern in-
ferred phylogenetic relationships, which can be indicated,
if desired, within a classification regardless of the taxo-
nomic rank.

SELECTION OF TAXA

The 82 taxa used in our analysis of adults were selected
to represent as nearly as p()\\l])l(‘ all subfamilies and tribes
of L-T bees and of the outgroup. the Mehttidae (Table 1).
Where there is considerable diversity within a tribe or sub-
family, more than one genus was often selected., particularly
if relations within the taxon are poorly understood, as, for
example, in the groups that were included in the Exomal-
opsini (sensu Michener and Moure, 1957). Two subgenera
of certain genera were included. We believe that the rep-
resentatives selected provide a good survey of the diversity
among L-T bees, although there are only 82 species repre-
senting perhaps 10,000 species of L-T bees.

For each genus or subgenusincluded in the study, a par-
ticular species was selected for detailed examination, pri-
marily on the basis of abundance of material. It is characters
of such species that are the bases for the phvlouenelic dis-
cussion and analysis: the species are listed in Table 1. For
the sake of ble\]t\ we often refer to characters of a genus,
tribe. etc., butin reality we mean, of the selected exemplars.
Of course we believe [hd[ m most cases the characters hsted
tor a species are those of its genus and its tribe, etc., and
we have examined the external characters of species other
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than the exemplars. In some cases we know of interspecific
variation in some of the characters used in our study. An
alternative approach would have been to analyze generic
characters, tribal characters, etc. This would have involved
recording characters of many species in order to deter-
mine which are the generic characters and would have re-
quired exclusion of various characters because most species
would not have been available for dismemberment and
study of the internal skeletal characters that are involved in
our study. Of course if phylogenies were available for each
genus, tribe, cte., one would be in a better position 10 se-
lect characters of each for analysis in a broader study. We
believe that the use of exemplars is more practical and
probably better considering the present state of the study
of apoid phylogeny.

When family, subfamily, or tribal names are used, refer-
ence is to the taxa as understood in the classification pro-
posed in the section on Classificatory Results.

Unfortunately, because of lack of matenal for dissection,
there remain a few taxa of questionable phylogenetic po-
sition that could not be examined in full detail and that are
excluded from the analysis. One of these is the genus An-
oyla. W is perhaps closelv related to Tarsalia (Silveira, 1993
and in press) and the two were included in the same genus
by Warncke (1979). Ancyla is interesting pnn(*lpall\ be-
cause of the reduced labial palpi and rather short glossa,
as indicated in the Introduction. Another is Iownsmdzrlla
the Townsendiellini are not represented in our study al-
though the position of this taxon is reasonably well known
(see ng-Alsma. 1991). 1t would also have been desirable
to inctude Epeoloides, presumably a divergent member of the
Osirini, sometimes placed in a tribe Epeoloidini. Dioxys
could well have been included: it is a divergent member of
the Anthidiini.

The larval study is largely based on the data recorded by
McGinley (1981, Appendix 1). To his table of data we added
character states [or Pararhophites (from McGinlev and Rozen,
1987) and Paratetrapedia (from Rozen and Michener, 1988),
since these are genera of great interest in bee systematics.
Fortunately their characters were reported in such a way that
the data could easily be extracted and coded to correspond
to McGinley's \ppcndl\ 1.

The species in the laval study are those listed by McGin-
ley (1981, Table 1), plus Pmrulzoplzzt(*s orobinus (\Ior.mnl)
and Paratetrapedia swainsonae (Cockerell).

SELECTION OF CHARACTERS

Contrary 1o the recent practice of one of us (CDM), we
use the word character tor a feature that varies among taxa,
and the expression character state for the condition of that
character in a particolar taxon. Thus “head color™is a char-
acter, and “head red " indicates a character state. This is con-
trary to taxonomists’” usual usage but is in agreement with
both pheneticists” and cladists’ usage and has become well
established. The resultant double meaning for character,
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Table 1. List of Taxa Used as Adult Excmplars

Taxa are hsted in the same sequence as in the matrix ot adult characters (Tuble 2). The last nine taxa are S-T bees not included

Lremapis parvula Ogloblin

Teratognatha modesta Ogloblin

Isomalopsis niveata (Friese)

Exomalopsis jenseni Friese

Tapinotaspes (Fapinotaspoides) lucumana
(Vachal)

Tapinotaspis (Fapinorhina) taerulea
(Friese)

Paratetrapedia (Arhysoceble) melampoda
(NMoure)

P. (Paratetrapedia) sp. (Chamela, Nex.)

Monoeca lanei (Noure)

Caenonomada brunerii Ashmead

Anayloscelis apiformes (Fabricius)

Melitoma segmentaria (Fabricius)

Diadasia pereyrae (Holmberg)

Diadasina distincta (Holmberg)

Ptilothrex tricolor (Friese)

Tetrapedia sp. (La Rioja, Arg.)

Coelioxordes waltheriae Ducke

Tarsalia ancyliformis Popov

Fucerinoda gayt (Spinola)

in the matrix.

Zacosmia maculata (Cresson)
Fhyreus ramosa (Lepeletier)
Ericroais lata (Cresson)
Mesonychium jensent (Friese)
Mesoplia rufipes (Perty)
Rhathymus bicolor Lepeletier
Parepeolus aterrimus (Friese)
Eechitodes stuardi (Ruiz)

Osiris variegatus Smith
Lewopodus lacertinus Smith
Lsepeolus vachali Jorgensen
Melectordes trisenatus (Friese)
Neolarra verbesinae (Cockerell)
Caenoprosopis crabronina Holmberg
Oreopasites arizonica Linslev
Friepeolus distinclus (Cresson)
Epeolus compactus Cresson
Rhogepeolus bigibbosus NMoure
Holcopasites calliopsicdis (Linslev)
Brachynomada sp. (Argentina)
Kelita sp. (Argentina)

Nomada (Pachynomada) ulahensis Moah(

Partamona cupira (Smith)

Euglossa cordata (Linnacus)

Eufriesea violacea (Blanchard)

LPararbhophites orobinus (Morawitz)

Neofudelia profuga Nloure and Nlichener

Purafidelia friesei Brauns

Lithurge apicalis Cresson

Trachusa (Heteranthidium) bequaerti
(Schwarz)

Anthidum porterae Cockerell

Hoplitis albifrons (Kirby)

Osmia lignaria Sav

Megachile petulans Cresson

Corlioxys octodentata Say

Ctenoplectra fuscipes (Friese)

Macropes stetronematis Robertson

Melitta leporina (Panzer)

Dasypoda panzer Spimola

Hesperapis wafoliae (Cockerelly; H.
carinata Stevens

Meganonua gigas Michener

Canephorula apiformis (Friesc)

Fucera chiysopyga Pérez

Melissodes agilis Cresson

Svastra obliqua (Say)

Peponapis fervens (Smith)

Anthophora paranensis Holmberg

Habropoda laboriosa (Fabricius); H.
pallida (Timberlake)

Deltoptila elefas (Friese)

Centris tricolor Friese

Lpicharis vlegans Smith

Neromelecta californica (Cresson)

Holmberg

sometimes meaning that which varies and sometimes the
condition of a particular taxon, rarely causes confusion, and
particularly in the section on classification we regularty
refer, for example, to Character 30-1 instead of writing out
Character 30, State (1).

Adults of all the included species (Table 1) were not only
examined externally. but were treated with 10% KOH (room
temperature, for a dav or more), dismembered 10 get ap-
propriate views of mteresting structures, and examined and
stored in glycerin.

Sefection of characters for use in a study such as this is
extremely important. We do not know the ideal way of
doing so. There is an infinity of characters that might be
found and used in a study of a large group such as the L-T
bees. We excluded autapomorphics because they do not con-
tribute to knowledge of intertaxon relationships. Charac-
ters that seem to be autapomorphic (i.c., are on terminal
taxa) on the cladograms also appear somewhere else in the
cladogram. We limited ourselves to characters for which a
reasonable assumption about polarity could be made. That
1s, we included no character for which the plesiomorphic
state for L-T bees could not be recognized with some de-
gree of confidence by means of outgroup comparisons as
described in the next section.

Macrogalea candida (Stith)
Braunsapus facialis (Gerstaecker)
Bombus pennsylvanicus (De Geer)
Apus mellifera Linnacus

Melipona fulval epeletier

N. (Centrias) sp. (Kansas)

Brastes brevicornis (Panzer)

Hexepeolus rhodogyne Linsley and Michener
Manuelia gayi (Spimola)

Mlocopa virginica (Linnaeus)

Ceratina calrarata Robertson; C. rupestris

S-T Bees

Andrena enythrogaster Ashmead
Protandrena mexicanorum Cockerell
Lewoproctus delahozi Toro

Colletes inaequalis Say

Caupolicana ruficollts Friese
Dufouwrea marginata (Cresson)
Nomia triangulifera Nachal

Halictus rubicundus (Christ)
Aungochlora pura (Sav)

These practices exclude a multitude of characters that
might be used in detailed analyses of smaller groups. For
example, features of punctation, surface sculpture, facial pro-
portions, distribution and color of pubescence, and details
of shape of the hidden sterna and male genitalia might all
be polarizable and valuable in a study of a limited taxon. a
genus or perhaps a tribe. These characters, however, can-
not be polarized for a large taxon like the L-T bees because
they vary kaleidoscopically within both the L-T bees and the
outgroups. Since it is impossible to pick out a state for such
a character that is plesiomorphic relative to the rest of the
states, it is not a polarizable character. The problem is iden-
tifving similarities that are homologous and determining
their points of origin. things that can often be done within
a genus or tribe but that become difficult for similar char-
acters in high-ranking taxa.

With the exceptions indicated below, we included all
characters that we found for which a strong hypothesis as
to the plesiomorphic state coutd be made. Nearty all of the
characters are those of the exoskeleton, but many invohe
internal ridges and apodemes.

A problem that arises is the possibility of biasing the se-
lection of characters to produce a certain phylogeny or
classification. To some degree this may be impossible to avoid
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when characters are selected by specialists in the group
who have a proriideas about relationships. However, by using
atl the characters that we found whose polarity could be de-
termined, we hope to have largely avoided this problem. We
believe that a posteriori searching for characters o produce
a desired result is not legitimate. For example, we suspect
that the Exomalopsini, which appears as a paraphyletic
group it our study, is in reality monophvletic, and as noted
m the section on Classificatory Results, some of our char-
acters suggest this, as does a later study by Silveira (1993).

We do not believe that it would be leammalc to search for
more characters in order to establish mom)ph\l\ of the group:

one might thereby fail to find other evidence showing some
taxa to have closer relatives in other groups. The proper pro-
cedure would be a more detailed study of the Exomalops-
i and 1ts relatives, again using al/ characters that can be
found that are polarizable within the group of Exomalopsis
and its relatives.

SELECTION AND CODING OF CHARACTERS OF
ADULTS

The principles used in selecting characters are described
above. A few characters, however, were omitted even though
we know the plmiomm'phic states. Among these was num-
ber of segments in the maxillary palpi, whlch 1s ple\mmm-
phically h but is reduced in various taxa to 5, 4, 3, 2, and
1. The reductions are often variable within taxa, even within
species, so that coding is difficuly; moreover, such reductions
can be seen in most higher taxa. For this reason we believed
that this character would contribute httle to our knowledge
of phylogeny of higher taxa. Some characters that we did
use in the analysis also proved 1o be of hitile value, but we
chid not have ready knowledge that this would be the case
untl the study was made.

A character that we omitted from analvsis concerns the
seriate disannular hairs of the glossa, which we initally
coded as follows: (0) Long., divergent. (1) Minute and or-
cinarily convergent, invaginated 11]\1(1(‘ glossal canal. (2) Ab-
sent. There are two rows of seriate hairs; see Michener and
Brooks (1984). They are ong and divergentm most ST bees.
Because in [-T bees they are often minute, visible only with
cissection and a compound microscope, the distinction be-
tween States (1) and (2) was not verified for some taxa and
the character was therefore excluded from the analvses. For
our study the disunction between State (0) and the others
would (ml\ have added one character 1o strengthen the dif-
ferences between ST bees (including Mehmdae) and L-T
bees, i.e., 1t would have added a character to Nodes 3 and
41 of Cladograms Ta, Ib and 2a, 2b. These are already
strongly supported nodes. Itis in the Nomadinae and sim-
ilar parasites that the seriate hairs sometimes become es-
pecially small, sparse, and even absent.

Another character that was omitted from the analvses was
presence or absence of the hind tibial scopa. It is lost in
Megachilinae and parasitic bees. We excluded it (and did
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not reintroduce it) in an early attempt (before the Analy-
ses reported here) to dinminish the eftect of convergence
among parasitic bees.

Polarity was determined by comparison with five genera
representing all three subfamilies of Melittidae (Table 1),
the principal outgroup. Melittidae was selected as the clos-
est outgroup becanse it shares a number of characters with
L-T bees even though it is an ST family on the bases of
numerous other characters. Its positon was well indicated
by Michener and Greenberg (1980). Because a melittid
character could be a family-level apomorphv. or because of
variation among the five mehtud taxa, the states of certain
characters were also determined for certain species in other
S-T families. Taxa of these fammhes used are listed at the end
of Table 1. The phylogeny of the S-T families has not been
analyzed; we exammed members of the Andrenidae, Col-
leudae and Halictidae relevant to all characters used in our
analyses. The Halicudae appears to be derived in many fea-
tures, and it was therefore principally from examination of
Andrenidae and Colletidae that we determined whether po-
lartties based on melitud character states were verified or
required modification. When modification seemed appro-
priate, it is explained in the annotated lists of characters.

The plesiomorphic state was coded (0). For the other
states, 1 characters with two or more othier states, no as-
sumption was made as to a phylogenetic sequence of those
states; all were run as unordered. There were 37 multistate
characters in our analysis ol adults and 12 in the analysis of
larvae. For individual characters, many of the problems
concerning polarity and application of codes are explamed
in the lists of characters. Some characters relate to structures
that are absent in certain taxa. For example, we list char-
acters of the flabellum, a structure that is sometimes absent.
In such cases, the character is coded as (2) for taxa lacking
the structure. The same code is used if a structure cannot
be observed, for example, because of lack of material.

ANNOTATED LIST OF ADULT CIHARACTERS

1. Subantennal suture: (0) Directed toward lower margin of an-
tennal socket, sometimes divided (Y-shaped) below socket. (1) Di-
rected toward outer margin of soeket. When the suture is Yshaped,
the outer branch is directed toward the outer margin of the socket
but the lower, undivided stem is directed toward the lower mar-
gin. State (1) is characteristic of Megachilinae.

2. Anterior tentorial pit: (0) High on epistomal suture. (1) At
o1 below middle of lateral part of ¢pistomal suture.

3. Integument of paraocular area: (0) Not differentiated from
more median part of frons. (1) Nwrrow area bordering eve with
punctures sparser and smaller than rest of frons, paler in cleared
specimens, margins sometimes diffuse. (2) Sueh an area broad,
ovoid, with sharp hmits (more distinet in female than in male).
Smaller areas, in particular [e.g., State (1) ], are not recognizable
except in cleared specimens. At least in State (2) there is a laver
of possibly glandular tissne underlving the area. Such areas are sug-
gestive of the facial foveae of many colletid and andrenid bees. Our
polarization is based on the absence of such areas in Melittidae,
but such absence could be a ssnapomorphy of that famil. Their
absence also in Megachilidae [although State (1) occurs in Fi-
deliini], Nomadinae and Xylocopinae supports the polarization
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indicated above lor the 1-T bees and especially for the Apidae. State
(2) is characteristic of Exomalopsis, its allies suchy as Eremagns, and
also Tapinotaspis.

4. Paraocular carina: (0) Absent. (1) Present.

5. Condvle of anterior mundibular arucntaton (cranial condvle):
(0) Contignous with lateral clvpeal margin. (1) Partly covered by
lateral clypeal margin, which is usually elevated over condyle (Fig.
1). The melittids (except some Hesperapisy exhibit State (1). How-
ever, because State (0) charactenzes other S-T bees, most melit-
tds appear to be derived in this character.

6. Lateral part of lower portion ol ¢lypeus: (0) Not bent back-

fan-shaped sheet

dorsal sheet

secondary tentorial bridge

antennal sclerite

eutentorial arm

eutentorial arm

of anterior tentorial arm

12,

ward or only gently curved backward. (1) Strongly and abruptly
bent back, so that lateral parts are at angle of 90 10 115 1o me-
dian part.

7. Labrum: (0) Broader than long. (1) Longer than broad.

8. Anterior surface of fabrum of female: (0) With basal polished
area, sometimes elevated, clearly delimited from punciate and hairy
disc. (1) Without basal polished arca. Neofidelia hvias a short polished
area, perhaps equivalent to that described above; it was coded (1),
however.

9. Erect labral setac: (0) Not forming a U- or Vsshaped row. (1)
Coarse setae forming U- or Vshaped row, with midpoint (base ol

dorsal sheet of
anterior tentorial arm

fan-shaped
sheet

upper branch

— —~

cranial condyie

Figs. 1-4. Head capsule, female; muscles and eves removed to show tentorial structure. L Centris (ricolor, transyverse section above
antennal insertions, view from above. 2. Centris tricolor, head sectioned along paraocular area, lateral view. 3. Anthidium porterae, trans-
verse section above antennal insertions, view from above. 4. Melissodes agilis, head sectioned atong paraocular area, Lueral view.
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U orV) near apex of labrum and lateral arms extencding basad near
margins of labrum. State (1) occurs in many megachilids.

10, Tult on apical margin ol labrum: () Absent. (1) Present.
Although presentin Dasypoda, such a tuftis absent in most S-T bees.

T Antennal sclerite: (0) Not extending internally beyond an-
tennifer (Figs. 6, 7). (1) Extending internally bevond antennifer
(Figs. 9, 10). State (1) is characteristic of Emphorini and Coeliox-
oudes; Ancyloscelis is intermediate but was coded (1) like other Em-
phorini.

12. Dorsal sheet of antenior tentorial arm: (0) Without a branch
united with upper wall of antennal socket (Fig. 2). (1) With such
a branch (Fig. 4). State (1) is characteristic of Eucerini.

13. Dorsat sheet of anterior tentorial arm: () Without spur reach-
mg orbit of eve. (1) With spur reaching laterally to eve margin and
indicated externally by transverse line or scar across paraocular
area at level of antenna. State (1) is characieristic of Euglossini.

14. Union of anterior tentorial arm to head wall below anten-
nal socket: () Reaching lower margin of antennal socket so that
no triangular space is enclosed (Fig. 5). (1) Forming triangular
space between dorsal sheet of tentorial arm and attachment of thick-
ening of secondary tentorial bridge, but space small and not al-
wavs recognizable externally by Y-shaped subantennal suture. (2)
Space large, forming triangular subantennal area (Fig. 8) recog-
nizable externally between arms of Y-shaped subantennal suture
and lower margin of antennal socket. In Buastes the dorsal sheet
ol the anterior tentorial arm ends below the antennal socket, as
does the secondary tentorial bridge; it was coded (0). in Euglossint
the attachment of the tentorial arm is so modified that it is diffi-
cult to code and in Partamona the antennae are so close to the epis-
tomal suture that interpretation is difficult. These were coded
(2).

15. Thickening of secondary 1entorial bridge: (0) Uniting to heac
wall at or below antennal socket (Fig. 1). (1) Merging with eu-
tentorial arm before reaching head wall (Fig. 3).

16. Lateral expansion of internal thickening above epistomal
ridge: (0) At least as wide as half width of socket diameter (Fig.
5). (1) Reduced, less than half width of socket diameter.

17. Clvpeus with apical inflection: (0) Present (Figs. 5-10). (1)
Reduced to narrow bandl.

18. Lateral carina of clypeus, along lower part of epistomal su-
ture of male, and associated groove lateral to it: {0) Absent. (1)
Present (Ehrenfeld and Rozen, 1977, Fig. 14). State (1) is found
only in certain Nomadinae.

19. Epistomal ridge (internal manifestation of epistomal suture):
(0) Well developed (Fig. 5). (1) Absent below tentorial pit.

20. Epistomal ridge below tentorial pit: (0) Receiving sheet
lrom eutentorial arm, this sheet margined internally by a thick-
ening (Figs. 6, 7). (I) Receiving such a sheet which is not margined
by a thickening. (2) Without asheet from the eutentorial arm (Figs.
5, 8-10).

21. Postoccipital pouch below foramen magnum: (0) Absent.
(1) Shallow. (2) Distinet and deep (Fig. 12). This feature is vari-
able in melittids, but is absent in other S-T bees; (0) is therefore
considered plesiomorphic although most melittids were coded (2).

22. Fan-shaped posterior sheets of tentorium, sometimes rep-
resenteed externally by the occipital sulci: (0) Well developed (Figs.
1.2, 4. (1) Small to absent (Fig. 3).

23. Attachment of seccondary tentorial bridge to posterior wall
ol head (below foramen magnuni): (0) Above and separate from
hyvpostoma at upper enc ot proboscidial fossia, but connected o
hypostoma by vertical septum usually manifest externally as ver-
tical black line extending upward from upper end ol proboscidial
lossa (Fig. 11). (1) As in (0) but vertical ne wider, clear, repre-
senting thicker septum. (2) Secondary bridge fused directly to hy-
postoma, thus eliminating vertical black line, fusion evident
externally in that lines of attachment of bridge to head wall reach
hypostonia at upper end of proboscidial fossa independently and
separated by clear zone (Fig. 12). This character is variable in Me-
littikae but other S-T bees have State (0) except [or Dufonrea,
which has State (2).
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24, Epistomal suture below anterior tentorial pits: (0) Nearly
straight or gently curved o1 angulate so that sides of clvpeus di-
verge strongly. (1) Extending straight down, then abruptiv angu-
lare lateracl, so that sides of upper part of clypeus are about parallel.

25. Ventral sclerite of neck: (0) Absent. (1) Present (Roig-
Alsina, 1989, Fig. 4). State (1) is found only in Osirini.

26. Articulation of maxillary cardo and stipes: (0) Without small
triangular sclerite (Fig. 13). (1) With small (to minute) triangu-
lar intercalary sclerite. State (1) is lound onlv in Melittidae but is
not found in other bees and appears to be a synapomorphv of that
familv. it theretore adds nothing to our study.

27. Maxillary stipes with basal process (Winston, 1979, Fig. 2b):
(0) Not producecd mesallv. (1) Produced mesally, elongate. Al-
though State (0) appears in Apis, State (1) is in general charac-
teristic of 1.-T bees and Melittidae (Michener and Greenberg,
1980).

28. Length of stipital comb-bearing concavity: (0) Over one-
fourth length of stipes. (1) One-fourth length ()fsnpcs or less, deep
(Brooks, 1988, Fig. 5). State (1) is found onlv in Anthophorini.

29. Maxillary stipes with comb in concavity on distal posterior
nmargin: (0) Absent. (1) Present (Fig. 14). When a comb is pre-
sent it is alwavs in a concavity. Only some Nomadinae have a con-
cavity from which the comb was probably lost.

30. Maxillary stipes with ridge on outer surface: (0) Absent. (1)
Present (Fig. 14). There is some variation in this character. For
example.in Melitta. Ctenoplectra, and Euglossa, the ridge is limited
to the apical half or third of the stipes. tn Ceratina the ridge is near
the posterior margin of the outer surface instead of near the mid-
dle. In Melipona there is an angle but no sharp ridge. Although
the character is variable in Melittidae, other S-T bees are coded
(0), which is therefore considered plesiomorphic.

31, Dististipital process: (0) Absent. (1) Present, curved ante-
riorly (Fig. 15b: Winston, 1979, Fig. 7b). State (1) is found only
in Megachilinae.

32, Maxillary stipes with expansion on distal anterior margin (op-
posite to comh and concavity): (0) Absent. (1) Present (Fig. 14).

33, I\]d\l”dl"\ palpus with brush of hairs on third segment: (0)
Absent. (1) Present. State (1) is found only in Emphorini.

34. Maxillary galea with comb on inner surface: (0) Present
(Michener, 1981, Figs. 10-13). (1) Absent. This comb is principally
a character of S-T bees (including Melitticdae) although Nevomelecta
has a comb. Deltoptila, Rhathymus, and Thyreus [cn(le(l as (1) ] have
some hairs in this area.

35. Maxillary galea: (0) Without row of bristles. (1) With lon-
gitudinal row of bristles on anterior margin of internal surface (Fig.
15b). The row is sometimes hmited to the apical third or [ourth,
as in Anthophora, Deltoptila, Mesopha, and Zacosmia; these were all
codect as (1).

36. Maxillary galeal blade: (0) Uniformly sclerotized or only nar-
rowly desclerotized near apex. (1) With posterior margin broadly
desclerotized almost to base (Fig. 15).

37. Membrane underlying maxillary lacinia: (0) Unsclerotized,
not striate. (1) Striate, sometimes weakly sclerotized.

38. Maxillany lacimia: (0) Sclerotized. (1) Membranous.

39. Maxillary lacinia: (0) Rounded. (1) Elongate.

40. Stipital sclerite [terminology of Winston (1979, Fig. 2b)] of
maxilla: (0) Distinct. (1) Fused to rest of stipes.

41. Galeal blade (midway between base and apex) with inter-
nal sclerotized surface: (0) As wide as external surface. (1) At
most two-thirds as wide as external surface (Fig. 15b, ¢). (2) Three-
tourths as wicle as external surface or more but narrower than ex-
ternal surface. When the internal surface is narrower than the outer,
the anterior edge of the former often appears as a dark line which
is the midrib ol the galea of Winston (1979).

42, Lorum: (0) Platelike, tlat or hent around base of mentun
(Michener, 1985, Fig. 31). (1) V=shaped with slender arms (Mich-
cner, 1985, Fig. 45). State (1) is characteristic of Melittidae and
L-T bees, i.c., of all taxa in our analysis [sce Michener and Green-
berg (1980) ]. This character therefore does not contribute to o
analysis.
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Figs. 5-10. Anterior wall of the head, female: heads sectioned at level of anterior mandibular articulations. 5, 7, 8, 10, posterior
(internal) views; 6. 9, longitudinal sections of 7 and 10 on planes AB and CD, respectivelv. 5. Centris tricolor. 6, 7. Macropis stervonema-

tis. 8. Tapinotaspis tucumana. 9, 10. Diadasia pereyrae.

43. Lorum and mentum: (0) United. (1) Separated from one
another.

44. Base of lorum: (0) Simple. (1) With a longitudinal fissure
on cach side (Plant and Paulus, 1987, Fig. 12).

45. Base of prementum: (0) With a [ragmentum isolated or partly
isolated from rest of prementum (Michener, 1985, Fig. 43). (1)
Without such a fragmentum. In Bombus, Centizs, Diadasina, Epicharts,
and Pulothrix there is a projection from the base of the premen-
tum; they were coded (1). For bees as a whole, lack of a fragmentum
must be plesiomorphic since there is no fragmentum in most S-
T bees. However, it is present in Melittidae and Andrenidae. We
therefore consider presence of a [ragmentum as plesiomorphic
for L-T bees.

46. Subligular process of prementum (Winston, 1979, Fig. 2¢):
(0) Fully sclerotized and united to rest of prementum (Fig. 16).

(1) Separated from rest of prementum by weak line. (2) Weakly
sclerotized.

47. Small sclerite lateral to subligular process of prementum:
(0) Absent. (1) Present (Fig. 16). These sclerites are quite distinct
in Letopodus and Ancyloscelts but are weakly sclerotized and difli-
cult to see in other genera coded (1).

48. Labial palpus segments 1 and 2: (0) Not particularlv flattened,
similar in form and length to segments 3 and 1. (1) Greatly clon-
gated compared to segments 3 and 4, usually flattened. State (1)
is characteristic of 1-T bees in general. The first palpal segment
in Lithurgeis short, similar to that of a meliuid, although the scc-
ond segment is long and tlat. Lithurge was coded (0).

49. Labial palpus, base of segment 1: (0) Parallel sided. (1) Inner
margin incised so that base is strongly narrowed (Fig. 16; Winston,
1979, Fig. 35).
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attachment of secondary

tentorial bridge
foramen magnum

postoccipital pouch

attachment of hypostoma

secondary tentorial bridge

Figs. 11, 12. Head capsule, lemale, posterior view. 11. Macropis
steronemalis; S, line corresponding to internal vertical septum. 12.
Melitoma segmentaria.

50. Firstsegmient ol labial palpus: (0) Without membranous mar-
gin (Figs. 16, 17a, b). (1) With membranous inner margin (Fig.
17¢, d).

51. Disannulate surface of glossa: (0) Exposed, nearly as large
as annulate surface (Michener and Brooks, 1984, Fig. 5). (1) In-
vaginated, annulate surface surrounding almost whole glossa
(Michener and Brooks, 1984, Fig. 8). In various parasitic taxa
(e.g., Isepeolus, Leiopodus, Nomada, Trepeolus, and Neromelecta) the
disannular surlace s considerably exposed. Itis nonetheless much
smaller than the annular surface and the degree of exposure is
difficult to assess. Such forms were coded as (1).

52. Glossal rod (Michener and Brooks, 1984, Fig. 9): (0) Ab-
sent. (1) Present but not enclosing bacular canal. (2) Presentand

partly surrounding the bacular canal (Michener and Brooks, 1984,
Fig. 89). For terminology, see Michener and Brooks (1984). State
(1) is found in sphecids and most ST bees including melittids. In
most Melectini and Nomadinae the rod is weakly sclerotized and
thin (i.e., (lat). Such forms are coded as (1), even though the rod
seems 1o be reduced. Michener and Brooks (1984) considered the
rod absent in some Nomadinae, but we found at least a stilfer strip
in all whose glossae we dissected. There are all degrees of reduc-
tion, and the rod is well developed in Caenoprosopis, Thalestria and
Traepeolus in the Nomuadinae, as well as in other parasitic forms such
as Letopodus and sepeolus. State (2) is rare outside the apine clade:
itis not associated with heavy pigmentation in spite of the large
size of the rod (see Michener and Brooks, 1984).

53. Flabellum (Michener and Brooks, 1984, Fig. 8): (0) Absent.
(1) Aflabelhun-like structure present but not constricted at its base.
(2) Present, constricted at its base. A flabellum is absent in most
S-T bees inchuding most melittids. There are all degrees of flabellar
development, ol which we recognize two levels, (1) and (2). Pres-
ence ol awell-developed flabellum in some panurgine Andrenidae
presumably shows that it can arise independently. 1t can also be
lost, asin Habropoda, where its absence is an autapomorphy rather
than a plesiomorphy.

54. Posterior surface of [labellum: (0) Smooth or nearly so. (1)
With a cobblestone pattern (Michener and Brooks, 1984, Fig.
94F). Except on the [labellum-like structure of Dasyposa (Melitt-
idae), there is nothing among S-T bees 1o suggest a cobblestone
pattern,

55. Annular hairs of glossa: (0) Extending to base of [Tabellum.
(1) Separated from flabellum by a non-annulate shank (Michener
and Brooks, 1984, Fig. 99B). Incompletely developed [labella are
always set among the distal annular hairs, as are manv fully de-
veloped flabella with basal constrictions. In a [ew taxa the fully de-
veloped ftabellum is at the end of a largely bare shank.

56. Basiglossal sclerite (Michener and Brooks, 1984, Fig. 7): (0)

triangular sclerite

anterlor expansion

outer ridge

14

stipital comb

Figs. 13, 14: 13. Macropas steironematis, posterolateral view of por-
tion of proboscis showing articulation of cardo, stipes and lorum.
14. Melitoma segmentaria, stipes, external view.
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Figs. 15-17: 15. Anthidium porterae, female. Maxillary galea: g, external view: b, internal view: ¢, cross section near basal third, at
planc AB. 16. Tapinotaspis caerulea, tabial palpus and apex of prementum, posterior view and cross section of labial palpus near base.
17. Cross sections of first segiment of labial palpus near basal fourth: a, Anthidium porterae; b, Melitoma seamentaria; ¢, Bombus pernsyl-

2 g i

vanicus; <, Habropoda laboriosa.

A transverse band across base of glossa. (1) More clongate, often
longer than broad (sometimes nic(liall)' cleft), laterally with pos-
terior basal process extending around side of base of glossa. S-T
bees have State (0).

57. Flabeltum: (0) Not divided. (1) Divided into preflabelhan
and postflabelhun arising from preapical anterior surface of pre-
flabetlum (Michener and Brooks, 1984, Fig. 96F). State (1) is
characteristic of Ericrocidini.

58. Paraglossa beyond apex ol suspensoriuni: (0) Shorter than
to 1.3 times length of suspensorium. (1) 1.5 to 2.5 times length
of suspensorium. (2) Over 3 times length of suspensorium. In melit-
tids the range is up 1o 1.2. State (2) is characteristic of the Eucerini.

59. Mandibular apex of femate: (0) Simple or with lower tooth
longer than others. (1) With lower tooth, formed from end of ad-
ductor ridge, shorter than next tooth, the mandible being widentate
with middle tooth longest (Michener and Fraser, 1978, Figs. 22,
29). State (1) is found i Lithurge and some Xylocopinae.

60. Mandible of female: (0) Slender, region of pollex not ex-
panded distally (Michener and Fraser, 1978, Fig. 12). (1) With re-
gion of pollex expanded to form twao to several teeth or an edentate
margin above rutellum (Michener and Fraser, 1978, Figs. 34, 41).
State (1) 1s characteristic of Megachilidae and at least some mem-
bers of the apine clade.

61. Mandibular grooves and ridges on outer surface: (0) Dis-
tinet, (1) Largely absent. State (1) is {ound only in the Mecliponini
and Apini.

62. Pronotum with ventrolateral extensions: () Fused mid-
ventratly, usually on internal surfaces of extensions. (1) Separated
midventratly (Fig. 18). This character is variable in Melittidae but
colletids, andrenids, and Dufourea in the Flalictidae show State (0).

63. Lateral carina separating exposed part ol propteuron from
part hidden by pronotum: (0) Present (Fig. 19). (1) Absent.

6. Apophyseal arms of prosternum: (0) Fused along median
crest. (1) Separate from one another (Michener, 1944, Fig. 26).
Although melittics were all coded (1), all other S-T bees show State
(0). Presumably State (1) is an apomorphy {or melittids and for
some 1-T bees.

65. Apophyscal pit of prosternum: (0) Present, near middle of
prosternum (Fig. 20). (1) Expanded to posterior extremity of
prosternmun as broad groove (Fig. 21). (2) Absent.

66. Prosternal shape: (0) Not or moderately constricted medi-
ally. anterolateral processes shorter and less attenuate (Fig. 20).
(1) Strongly and acutely constricted in front of middle, anterotateral
processes large and attenuate taterally (Prentice, 1991, Fig. 3.3).
State (1) ts found onlv in Apini and Meliponini.

67. First phragma: (0) Not bearing anterior end of internal ridge
representing notaulus (Fig. 22). (1) Bearing on posterior surface
anterior end of notaular ndge (Fig. 23).

68. Pre-episternal internal ridge (corresponding atleastin part
to external pre-episternal groove): (0) Directed anteroventrally,
more or less straight, reaching down to or surpassing level of
pleural scrobe. (1) Curved posteriorh toward serobe; in this case
the corresponding external groove demarks the anterior and
lower margins of the swollen hypocepimeral area. (2) Short, not
reaching level ol scrobe, so that one cannot tell whether it is
straight (0) or curved (1), (3) Absent. A long, straight ridge is pre-
sent in most S-T bees, even though Melittidae exhibit State (3),
presumably as a synapomorphy for the family. Presence of such a
ridge is therefore considered plesiomorphic. In 1-T bees, however,
such aridge islong onlvin Caenaprosopis, Neofidelia and Oreopasites,
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Figs. 18-21: 18. Melissodes agilis, female; pronotum, antertor view. 19, Melitoma segmentaria, female; propleuron, lateral view. 20.
Prosternum, female, ventral view, Melissodes agilis. 21. Same, Mesonychium jensen:.
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Figs. 22-24: 22. Scutum, female, anterior view, Canephorula apiformis. 23. Same, Melitoma segmentana. 24. Articulation between meso-
soma and metasoma, sagittal section; a. b, Melissodes agilis: ¢. Paratetrapedia sp.

and is present but only slightly surpasses the level of the scrobe in
Lewpodusand Lsepeolus. These taxa are so diverse that one wonders
if the ridge mav have arisen independently in certain cases. 1l so,
our polarization, while correct for bees as a whole, is wrong for L-
T bees. In this case, State (3), as in Melittidae, should be consid-
cred plesiomorphic.

69, Internal scrobal ridge from mesepisternal scrobe posteri-
orlv to intersegmental suture: (0) Absent. (1) Present. Although

melitticdls are variable in this character, other S-T bees have State
(0).

70. Breadth of metapleuron at level of upper metapleural pit
divided by height of metapleuron measured from lower end to apex
of wing process: (0) 0.20 or more. (1) 0.19 or less. In Melittidae
and other ST bees the ratos 0.21 to 0.30.

71. Distance between metapleural pits divided by height of
metapleuron (measured as for Character 70): (0) Over 0.20. (1)
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0.10 o 0.19. (2) 0.09 or less. The pits are lar apart in Melittidae
(0.20 to 0.35) and other S-T bees.

72. Membrane closing space behind metasternum and hind
coxae and extending 1o base of S1: (0) Avising above free apex of
metasternum on ridge between the hind coxal condvles (Fig. 24a,
b). (1) Arising from apical margin of metasternum, which there-
fore is notfree (Fig. 24¢). T Apas, Braunsapis, Ceratina, Euglossini,
and Parafidelia the tree part of the metasternmun is very short, but
they are coded as (0).

73. Propodeal prohle: (0) With a ncarly horizontal basal zone,
behind which it rather abruptly tirns downward to form the de-
clivous posterior surface. (1) With a steeply stanting or sometimes
convex basal zone or entirely declivous. This character is variable
in Melittidae as in some other major bee taxa, but State (0) is so
prevalent among ST bees as well as sphecoid wasps that it must
be plesiomorphic.

74. Profile of metanotum (and scutelum): (0) Subhorizontal
or slanting, scutellum frequently convex but also basicaily sub-
liorizontal or slanting. (1) Vertical, notoverhung by convex scutel-
lum whose posterior margin is mwore or less vertical. (2) Vertical,
strongly overhunig by scutellum whose posterior margin faces
more or less downward.

75. Lower extremity of metapostnotum (propodeal triangle) in-
ternally: (0) With vertical longitudinal ridge (third pliragma)
whose lower end is above marginal arca of propodeunt (Fig. 25).
(1) With longitudinal ridge extending downward 10 marginal area
ol propodeun. (2) With ridge extending bevond marginal area
of propodeum as acute point visibie through propodeal wrticulating
orifice when the metasoma is removed (Fig. 26), the ridge some-
times largely absent but point clearly visible. (3) Absent.

76. Hind coxal articulation: (0) Cleariy above submarginal
groove of propodeum-metapleuron (Fig. 25). (1) At or below
level of submarginal groove (Fig. 26).

77. Aniculation of propodeum with T1: (0) Forming a simple
tooth at eacli side of articulating orifice (Figs. 25, 26). (1) Form-
ing two teeth at each side of articulating orifice (Fig. 27). State (1)
1s found only in Anthophorini. '

78. Conjunctiva between metasternum, hind coxae, and Si:
(0) Entirely membranous. (1) With sclerotized bars near coxal mar-
gins, meeting one another or fused near posterior point of metaster-
num (Snodgrass. 1956, Fig. 33C). The sclerotized bars suggest a
remnant of the propodeal sternum, present in many wasps, ap-
parently lost in bees. State (1) is found only in certain members
of the apine clade.

79. Metapostnotum (propodeal triangle) with hairs: (0) Absent.
(1) Present and widespread. State (0) is found in most S-T bees
including the Melittidae.

80. Hind trochanter with inner basal surface: (0) Angulate (Fig.
29). (1) Rounded (Fig. 28). State (0) is frequent in S-T bees.

81. Degree of isolation of bases of bind tibial spurs by sclero-
tized bridges around articulations of spurs: (0) None 1o partial
(Canie’s [1979] codes 010 2). (1) Almost complete (Cane's code
2+ for both spurs). (2) Complete, with sclerotic bridge between
spur bases (Cane's code 3 for both spurs). Like melittids, other S-
T bees exhibit State (0).

32. Inner margin of inner hind tibial spur of female: (0) Fincly
serrate to ciliate (coarselvserrate in Fidelimae). (1) Pectinate, with
long, strong tecth. Many S-T bees, including melittids, exhibit
State (0).

83. Outer hind tibial spur (usuaily inner also) of female: (0) Finely
serrate or ciliate. (1) Coarsely serrate. (2) Absent.

84. Basitibial plate: (0) Present at least in female. (1) Absent.

85. Hind tibial scopa (female): (0) Absent or consisting of uni-
formly dispersed hairs on outer side of tibia, i.c.. corbicula absent.
(1) Swrrounding large polished space on outer side of tibia, i.c.,
corbicula. State (1) 1s found in the apine clade and in Canepho-
rula in the Eucerini.

86. Apex of inner surface of hind tibia (female): (0) Without
comb of bristles. (1) With comb of bristles, i.c.. the rastellum. State
(1) is found in the apine clade.
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87. Apex of hind tibia (female): (0) Not expanded dorsaliy, so
that basitarsus is aniculated near dorsal margin and appears to arise
near middle ol apex of tibia. (1) Expanded dorsally. so that ba-
sitarsus iy articulated away from dorsal margin. The expansion
[found oniv in the apine clade, except slighty present in Creno-
plectra, coded (1)] is perhaps an aspect of broadening the tibia for
a corbicula, but does not occur in Canephorula.

88. Base of hind basitarsus (female): (0) Not broadened. (1)
Widened 1o form the auricle which pushes pollen up into corbicula.
State (1) occurs only in the Apini, Bombini and Euglossini. In Eu-
glossini the structure is quite different and ic mav not be homol-
ogous to the auricle of Apini and Bombini.

89. Hind basitarsus (femade): (0) Giving rise to second tar-
somere atapex. (1) Projecting distad above articulation of second
tarsomere as process without an apical brush. (2) Projecting dis-
tad as in (1) but ending in a small dense brush (peniciilus). The
polarity indicated above is based on State (0) in our outgroup. the
Melittidae. However, manvy ST bees have a penicillus. If the loss
of the penicillus and process is a melittid apomorply, then State
(2) or possibly (1) would be the propet plesiomorphic condition
for L-T bees.

90. Shape ol hind basitarsus (female): (0) Over 3.0 times as long
as wide. (1) 1.5 times as long as wide or less. (2) 1.6 10 2.9 times
as long as wide, i.e..intermediate. This character is variable in Me-
linidae but the other S-T bees swudied, except Caupolicana, have
State (0).

91. Under surface of middle tibia of female: (0) With oblique
longitudinal ridge bearing a longitidinal brush (mid tibial comb
of Jander, 1976) of hairs (Fig. 30). (1) Flat, with more scatiered
hairs (Fig. 31). This characier is variable in melittids; polarization
is based on thie prevalence of State (0) in other S-T bees.

92, Middle tibial spur: (0) Finely serrate or ciliate, with apex sim-
ple. (1) Coarsely serrate, with apex simple. (2) Serrate but end-
Ing in two to several large teeth or spines. State (2) is characteristic
of Ericrocidini.

93. Row of stout setae onn middle basitarsus (female): (0) Ab-
sent. (1) Present (Neff and Simpson, 1981, Fig. 5). State (1) is a
feature of some oil-coliecting bees.

94, Front basitarsal comb of female, a row of strong setac ex-
tending Irom apex of strigilar concavity nearly 1o apex ol tar-
somere, distat part of comb curved: () Absent. (1) Present (Neff
and Simpson, 1981, Fig. 13). This is a feature of some oil-collect-
iiig bees. Similar combs in different positions on the basitarsus are
presentin Tetrapediaand Paratetrapedia. They are autapomorphiies
and therefore not included in the analysis.

95. Trunk of anterior tibial spur: (0) Simple. (1) With {ow ex-
pansion at right angles to velum, curving apically into spinc of malus.
(2) With strong expansion at right angles to veluni, ending in strong
angle or prong (Schonitzer and Renner, 1980, Fig. 19). The ex-
pansion described for State (2) is the anterior velum of Schonitzer
(1986).

96. Velum of anterior tibial spur: (0) Narrow, 1.5 or more times
longer than wide, usually lenticular, thus widest near middle. (1)
Broad, 1.10 1o T.45 times as long as broad, quadrate. (2) About as
long as broad (0.95-1.05). Although this character varies in Me-
littidae, the frequency of State (0) in other S-T bees justifies our
polarization (see Schonitzer, 1986).

97. Anterior coxa with carina along inner margin, frequently
bending laterad at base and extending partway across buase of
coxa: (0) Absent. (1) Present (Roig-Alsina, 1989, Fig. 4). State (1)
1s characteristic of Osirini.

98. Arolia: (0) Present. (1) Absent.

99. Claws of temale: (0) Cleft, inner ramus semetimes a tooth.
(1) Simple. Forms witb the lower ramus broad, flattened, and blunt
are nonetheless coded (0).

100. Number of submarginal celis in forewing: (0) Three. (1)
Two. (2) None clearly defined, although faint veins often present.
State (2) is characteristic of Meliponini. Although variable in Me-
hittidae, State (0) is so common in ST bees and in wasps that it is
clearly plesiomorphic. Reduction to two cells has occurred inde-
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Fig. 25-31: 25. Propodcum, metapostnotum and hind coxa, posterior view, {emale, Macaopis stetronematis. 26. Same, Canephorula
apiformis. 27. Articular region only, Habropoda laboriosa. 28. Right hind coxa and trochanter, of Anthidinm porterae, female viewed from
above. 29. Same, of Svastra obliqua. 30. Right middle tibia, of Macropis sterronematis. temale, ventral view and cross section near apical

third. 31. Same. ol Melissodes agilis.

pendentlvand perhaps even by different means. In most cases it
is by loss of the second transverse cubital but in some, the first trans-
verse cubital may be lost. 1f this is true, of course there are two char-
acters with identical plesiomorphic states, because loss of one
vein is not homologous to toss of another.

10}, Wing vestiture: (0) Hairy throughout. (1) Partly bare.

102. Length of marginal cell of forewing: (0) Equal to or longer
than distance from its apex to wing tip. (1) Shorter than distance
from its apex to wing tip.

103. Apex of marginal cell of forewing: () Pointed, on wing
margin. (1) Separated from wing margin, pointed. (2) Separated
from wing margin, rounded. (3) Open or closed by weak vein. State
(3) is found only in Meliponini. Although variable in Melittidae,
State (0) is the principal one found in that family and in other S-
T bees and. heing commonly associated with other plesiomorphic
characters such as a large stigma, is considered plesiomorphic.

104. Stigma of forewing: (0) Longer than broad. length beyond
vein rat least half as long as margin basal to vein r, margin within

marginal cell convex or sometimes straight. (1) Longer than
broad, length bevond vein r less than half as long as part basal to
vein r, margin within marginal cell concave. (2) Small, about as
long as broad to nearly absent. (3) Narrow, almost parallel-sided,
as in Apis. State (0) is the usual condition in S-T hees; the excep-
tions are seemingly derived taxa like the Diphaglossinae and Col-
letes (Colleticdlae).

105. Jugal tobe of hind wing: (0) Long. 0.5 times length of van-
nal lobe (measured from wing base) or more. (I) Short, 0.26 1o
0.49 umes length of vannal lobe. (2) Shorter, (.25 times length
of vannal lobe or less. (3) Absent. In ST bees the jugal lobe is long,
e.g., 0.75 times length of vannal lobe or more. State (0) is there-
fore considered plesiomorphic even though the character is vari-
able in the Melittidae.

106. Vein cu-v of hind wing: (0) Shorter than second abscissa
of vein M, transverse or slanting. (1) About as long as second ab-
scissa of vein M. slanting. (2) Over twice as long as second abscissa
of vein M, slanting.
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107. Gradulus of T2: (0) Directed backward above and behind
spiracle. (1) Directed toward or reaching spiracle. (2) Absent.

108. Base of T2: (0) Without phiragma-like apodeme. (1) With
transserse, phragmalike apodeme. State (1) occurs in certain Ny-
locopinae and Lithuge.

109. Gradulus of S2: (0) Swraight across medially or slightly
curved posteriorly in middle. (1) Bisinuate, i.e., with two posteri-
orly convex curves. (2) Absent. Although most Melitidae have State
(2), Hesperapis shows State (0) as do most other S-T bees.

110. Metasomal sternal scopa (female): (0) Absent. (1) Present.
State (1) is principuallva character of Megachilidae but certain oil-
collecting bees (e.g., Ctenoplectra, I(l/;nml(lspls) were also coded (1)
although the steral hairs hincton in gathering oil rather than
pollen and probably evolved independently from those of
megachilids.

111. Apex of S6 of fenale: (0) Entire or genthy bilobed. (1) Emar-
ginate, with lateral projecting lobes (Roig-Alsina, 1991, Figs. 11-
13). State (1) is found onlvin Nomadinae.

112, Apex of S6 of female: (0) Without specialized coarse setae.
(1) With groups of spinelike setae (Roig-Alsina, 1991, Figs. 3-10).
State (1) 1s found in Nomadinae and Isepeolini.

113. Surface of T3 of female: (0) With prepyaidial fimbria,
hairs denser and longer than in hair bands of preceding terga. (1)
Without prepygidial fimbria, i.c., similar to preceding terga.

114 Apex of T5 of female: (0) With polished margin of tergumn
absent or narrow and parallelsided. (1) With broad. bare, polished
margin wider in middle, margined basally by Tong, stiff setae.

115. T5 of female: (0) Without pseudopygidial arca. (1) With
pseudopvgidial area. State (1) requures State (1) of Character 113.

116. Pygidial plate of T6 of female: (0) Present. (1) Absent.

117. T6 of female: (0) Not papillate. (1) Pd])l“ e or minutely
roughened, dorsal surface hairless. State (1) is found onl in the
Fideliinae. In Neofidelia and Parafidelia the papillate areais the en-
larged pvgidial plate: this is probably also true lor Pararhophites.

118. Pygidial plate of T7 of male: (0) Present, (lh(m(t (1) Ab-
sent, but sclerotized apical rim suggests apex of plate. (2) Absent,
without apical rim. This character varies among melittids but the
presence of a pygidial plate is so widespread among other ST bees
that itis probably plesiomorphic. An alternative case, however, can
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be made {or the repeated origin of this plate in males. Most fe-
males have a plate on T5; in both sexes it is on the last exposed
tergum. The presence of the plate is clearly the plesiomorphic state
i females (Character 116); 1t has o function in nest construction.
Probably it is functionless in males. It might appear in males sun-
plv as a result of a regulatory change, which conld occur inde-
pendently in different lineages.

119. Apex of T7 of male: (0) Entire. (1) With two conical points.

120. S7 of male: (0) With two o1 four apical lobes. (1) Without
apical lobes. (2) Short and transverse, without lobes. (3) Disc to
whole sternum membranous.

121. S8 ol male: (1) With single apical projection and moder-
ate basolateral arms. (1) Without apical projection. (2) Bilobed
apically. (3) Almost completely absent (in Meliponinae).

122, Gonobase: (0) Forming a complete ring. (1) Not evident
ventrally (absent or possibly fused (o gonocoxites). (2) Alinost ab-
sent.

123. Gonocoxite: (0) Without sulcus or septum. (1) With ven-
nolateral oblique sulcus but no se ptum. (2) With septum, repre-
sented externally by sulcus, separating basal and apical parts of
gonocoxite (Figs. 33, 34).

124, Venural parapenial lobe ot gonocoxite: (0) Absent. (1) Pre-
sent, without strong setae. (2) Present, with strong, often peglike
setae (Figs. 33, 34). This lobe is the ventroapical plate of Allodapini
(Michener, 1975).

125. Gonostvlus: (0) Articulated to gonocoxite although often
with partial fusion (Fi 1g. 33). (1) More or l< ss indistinguishably fused
1o gonaostylus (or absent? ). the resulting structure being called gono-
l()lu Ps. (2) Double, there being two nearly independent gonos-
wlar structures arising {rom gonocoxite. This character isvariable
(0 or 1) among meiittids and other ST bees. The decision as to
polarization is based largely on the morphological viewpoint that
articufation must be primitive in insects.

126. Volsella: (0) Distinet, chelate. (1) A free sclerite but not
chelate (Fig. 33). (2) Absent or fused to gonocoxite. The (0) state
is as in most melittids as well as many other ST bees.

127. Dorsal bridge of penis valves: (0) Short, not extended be-
hind level of apodemes, or absent. (1) Expanded posteriorly as
\])"ulm (Figs. 35. 37).

penis valve

ventrolateral
sulcus

gonocoxite

34

gonobase

Figs. 32-34. Hexepeolus rhodogyne, male genitalia, 32. Penis and penis valve, lateral view. 33. Genital capsule. ventral view. 34. In-
ternal view of right half of genital capsule, muscles removed to show septuny, .
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Figs. 35-38. Penis valves and pens. 35. Tapinotaspis tucumana,
dorsal view. 36. Tapinotaspis tucwmana, apical view; one penisvatve
sectioned to show fit of its produced margin with median thick-
ening of spatha. 37. Peponapis fervens, dorsal view. 38, Peponapis fer-
vens, apical view.

128. Dorsal bridge of penis valves or spatha: (0) Lacking notches
into which fit dorsal basal produced margins of penis valves. (1)
Distal margin (of spatha) with two notches into which fit pro-
duced basal margins of penisvalves (Figs. 37, 38). (2) Ventral sur-
face of spatha with median thickening, lateral margin of which
overhangs to form spacc into which fits produced basal margin of
penisvalve (Figs. 35, 36).

129, Penis with basiventral membranous projection: (0) Absent.
(1) Present (Figs. 32, 33).

130. Base ol gonostylus: (0) Not extending basad. (1) Extend-
ing basad on inner surface of gonocoxite. State (1) is found only
i Tetrapediini.

131. Number ol ovarian follicles or testicular tubules: (0) Three.
(1) Four. (2) Five or more. Not many melittids have been exam-
incd lor this character, but all S-T bees studied have State (0). State
(2) is found oniv in some parasitic bees which have 5 to 13 and in
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Apis. which is very different, with 2 to 12 in workers, over 150 in
queens.

Table 2 shows the states of the adult characters for the spedies
listed in Table 1.

SELECTION AND CODING OF CHARACTERS OF
MATURE LARVAE

The characters thatwe analyzed are those listed by McGin-
ley (1981) that varied among L-T bees, and for which the
plesiomorphic state was identifiable. Some were listed by
McGinley (1981, Table 2) as “Cladistic Characters™; {or oth-
erswe believe the polarityis clear [or L-T bees even though
McGinley did not consider it clear for bees as a whole. For
a few that McGinley considered “Cladistic Characters,” we
found polarity dubious for L-T bees: we excluded them
from our list of characters. As with adult characters, ple-
siomorplic states were recognized usually using melittids
asan outgroup. If there was variation among melhttids, how-
ever, other S-T bees (colletids, andrenids) were used as a
secondary outgroup. Moreover. if the other S-T bees differed
as a whole from melittids, we concluded that the melittids
probably had a family-level apomorphy, and considered
that the other S-T beces exhibited the plesiomorphic con-
dition for our study. Our judgment as to the plesiomorphic
state sometimes differed from Mc( sinley’s because our out-
groups are difterent; he dealt with bees as a whole while we
are concerned with L-T bees. In some cases there are rea-
sons to doubt our decisions as to polarity; these are indicated
in the list of characters and in the following paragraphs.

As discussed by Michener (1953), various characters of
bee larvae seem to have more primitive states in most L-T
bees than in most S-T bees, even though the reverse is true
for various adult characters. That is, in L-T bees the states
of such characters are more like structures found in more
ancestral Hymenoptera or other insects. Examples are Char-
acters 1 (setae on the head capsule) and 20 (size of the an-
tennal papilla). In both cases, the better developed state
(longer scetae, slender projecting papilla) is no doubt ple-
siomorphic for Hymenoptera as a whole. The reverse mav
be true for aculeate Hymenoptera, since thev presumably
evolved from parasitoids (Whitfield, 1992) in which larval
structures are greatly reduced. Be this as it may. all Melitt-
idae except Meganomia have reduced head setae and mod-
erately developed to absent antennal papillae. Since
Meganomia has many derived adult features (Michener,
1981), it1s unlikely to exhibit the basic melittid larval struc-
ture and we therefore regard the remaining members of the
Melittidae as good indicators of the plesiomorphic states for
the analysis of the 1-T bees. We therefore coded reduced
head setae and reduced antennal papillae as (0); that is,
among L-T bees, development of longer setae and anten-
nal papillae is derived. Character 48 (labial palpal length)
is similar except that the deviant melittid is Macropis, also a
melittid with many derived adult features. In all these cases
most S-T bees exhibit the character state that we have coded
as (0). Of course a frequent state is not necessarily ple-
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Table 2. Matrix of Character States for Adults
The characters and states are explained in the Annotated List ol Adult Characters.
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stiomorphic, but we believe that in these cases the ple-  states such as Melitta sometimes have the more fully devel-
siomorphic condition for L-T bees is widespread in ST oped structures. However, since these characters are prob-
bees: any alternative negates the use of Melittidae as the clos- ably all functionally related in bees (in connection with
est outgroup and sister group of L-T bees. cocoon spinning, see below), we believe that they have to

0 ey

For several other characters (43, 44, 46, 47, 49) the situ-  be treated like Characters 1, 20, and 48, i.e., with the reduced
ation is less clear because there is less unanimity in the Me-  condition being considered ancestral for L-T bees.
littidae, and melittids with more plesiomorphic character To summarize, other authors considered the better de-
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veloped states of the characters listed above as ancestrat and
the reduced states as apomorphic. Thev were considering
bees as a whole. For L-T bees only, we must reverse the po-
larity, in view of evidence from Melittick: 1, our first outgroup.
In addition, il aculeates arose from parasitoids that show the
reduced states, we believe that the polarity that we advocate
tor L-T bees may be appropriate for all bees. Reversions from
the reduced states to more developed states may have oc-
curred independently in various aculeate groups such as bees,
sphecoid wasps, etc.

Most or all of the characters listed above may relate to co-
coon spinning or the sensory apparatus needed for cocoon
spinning. In L-T bees. taxa that do not spin cocoons. like
the Nomadinae, Nylocopinae, and Anthophorini. have (sec-
ondarily) reduced states lor these characters, although most
L-T bees have the better developed states and spin cocoons.
Most ST bees do not spin cocoons and have the reduced
states. However, it is obvious that developed states of these
characters are not always associated with cocoon spinning.
For example, many parasitoids spin cocoons although they
have extremely re duced cephalic structures. Moreover .the
cocoon-spinning S-T bees (Diphaglossinae in the Colletidae,
Rophitinac in the Halictidae and some Melittidae) are
equivocal in development of these structures; for example
in the Diphaglossinae, antennal papillae are small. galeae
are absent, but palpi are rather long.

One could argue that, il the above explanation is correct,
one should hist (ml) a single character, rather than over-
weighting it with several manifestations thereof. However,
none of the characters are pcrfecll\' correlated; cach pro-
vides some differentinformation. Given our present knowl-
edge of nsect development, it scems unwise to do more than
note this situaton. We suspect that many other characters
are also not independent.

That cocoon spinning, involving sitk production and
spinning behavior, would evolve, after having once been lost,
scems tess ikely than redevelopment of the individual struc-
tural features discussed above. There are therefore legiti-
mate differences of opinion as 1o polarities. The \uhlc([
deserves restudy by persons thoroughly familiar with bee Tar-

val characters.

ANNOTATED 11ST OF LARVAIL CHARACTERS

These characters are more fully explained by McGinley (1981).
The number of each cbaracter is followed by McGinley's number
in parentheses.

1 (1). Setac on head capsule: (0) Short and difficult to see. (1)
Long and distinet. All melittids except Meganomia, which is prob-
ablv a derived mehttid, and many other S-T bees, have State (0),
which we tentatively consider plesiomorphic for [-T bees, al-
though presence ol long setae must be plesiomorphic lor aculeate
Hymenoptera.

2 (2). Spiculation on dorsal surface of labrum: (0) Absent. (1)
Present. Most melittids, all colletids and halictids, and some an-
drenids have State (), which we tentatively consider plesiomorphic.

3 (3). Epipharvngeal spiculation: (0) Present. (1) Absent.

4 (). Hypopharyngeal spiculation: (0) Present. (1) Absent.

5 (5). Dorsal and mesal maxillary spiculation: (0) Present. (1)
Absent.
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6 (6). Pigmeniation of head: (0) 1 iql]l (1) Heavy. State (1) is
l\no\\n, among L-T bees. only in certam Nomadinae.

7 (9). Vertex: (0) Rounded. (1) Produced lorward.

8 (10). Swelling above zmu’nu;w: (0) Absent. (1) Present.

9 (14). Anterior tentorial pit: (0) High. (1) Low. McGinley's
(1981) States 2 and 3 are lnmped and coded (0): his State T is coded
(1). All mellitids have State (0), as do most colletids and the genus
Andrena. We therefore think that our polarity is appropnate fo1 a
study of L-T bees.

10 (15). Posterior tentorial pit: (0) At junction of hypostomal
ridge and posterior thickening of head wall. (1) Anterior to or helow
this point. Ainong L-1 bees. State (1) is found only in Nomadinae.

11 (16). Postenor thickening of head wall: (0) Well developed.
(1) Weakly developed. (2) \b\cm medially.

12 (17). Median portion of posterior lhlcl\ening ol head wall:
(0) Straight. (1) Curving forward.

13 (18). Posterior thickening of head wall: (0) Single. (1) Ap-
pc(lring double.

14 (19). Median longitudinal thickening of head wall: (0) Ab-
sent. (1) Developed only dorsally. (2) Extending forward to fevel
of epistomal suture. Since nearly all colletids and andi enids have
State (0), as do all melittids except A\nganmnia, which has State (1),
and State (2) is found onlv in some 1-T bees. we consider State
(0) plesiomorphic. It is ])msll)lg Lhowever, that State (1) is ple-
siomorphic instead of State (0).

15 (20). Hypostomal ridge: () Well developed. (1) Weak.

16 (21). Hypostomal ridge: (0) Simple. (1) Divided posteriorls.
State (1) is known only in certain megachilids.

17 (23). Angle ol hypostomal ridge to posterior thickening of
head wall: (0) Obtuse. (1) Perpendicular.

18 (24). Pleurostomal ridge: () Well developed. (1) Weak.

19 (26). Epistomal ridge or depression: (0) Well below level of
antennae. (1) Arched upward to or above antennal level.

20 (30). Antennal papilla: (0) Enlarged basally and moderately
developed to virtually absent. (1) Well developed. slender and pro-

jeeting. Although it makes sense 10 believe thal reduction ol lar-

val antennae mighi be a progressive process, all ST bees except
Meganomia, a derived mehitad, have State (0), while many 1-T
bees have the better developed antenna of State (1).

21 (3. Number of antennal papillar sensilla: (0) 2-5. (1) More
than 5. State (1) is found only in certain parasitic Anthophorinae.

& (3") Clvpeal length: (0) Moderate 1o long. (1) Short.

23 (33). Frontoclvpeal area, in lateral view: (0) Not strongly pro-
duced. (1) Rounded, greatly produced. Among all bees, State (1)
is found only in 1wo nomadine genera and two melittid genera.
[As elsewhere, this statement is based on McGinlev's (1981) ma-
trix; a third nomadine genus is now known to show State (1)
(Rozen and McGinlev, 1991).]

24 (34). Labrum in lateral view: (0) Moderately projecting be-
vond clvpeus. (1) Strongly projecting. Among L-T bees Statc (1)
1s found only in Nmmdnuu

25 (35). Labral tubercles: (0) Present, well defined. (1) Absent
or pootly defined. This relates to the two rounded marginal -
bercles. The pointed tubercles on the disc of the labrum found
in Nomadinae are evidently not homologous (J. Rozen, in litt.,
1993). Although melittids have State (1), State (0) is characteris-
tic of nearly all andrenids, halictids and colletids and is therefore
considered plesiomorphic: presumably State (1) is an apomorphy
of melittids.

26 (39). Sensilla-bearing swellings on labral apex: (0) Present.
(1) Absent. Because such swellings are present in most bees in-
cluding our outgroups. we have reversed the polarity indicated by
Mc(nnlu

7 (40). Epipharynx: (0) Not produced. (1) Produced as dis-
lincl lobe. State (1) is found only in two genera of Nomadinae.

28 (44, 45). Mandibular spicules: (0) Absentorshort. (1) Long
and hairlike.

29 (47). Mandibular apex, ignoring teeth if present: (0) Acute.
(1) Broadly rounded or truncate.

30 (48, 49). Mandibular apex: (0) Simple. (1) Bidentate with
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dorsal tooth longer or teeth subequal. (2) Bidentate with ventral
tooth longer. All colletids and most andrenids, halictids, and
melittids have State (0), which we theretore consider ancestral. The
polarity is tentative; given the multiple teeth of wasps, one would
expect l\m teeth to be ancestral 1o one.

31 (51). Apical part of mandible: (0) Not attenuate. (1) Atten-
uate.

32 (52). Mandibular cusp: (0) Well or moderately defined and
produced. (1) Weakly defined or absent.

33 (53). Cuspal pm](‘cll()n of mandible: (0) Absent. (1) Present.

34 (54). Mandibular cusp: (0) Multidentate. (1) Smooth, eden-
tate.

35 (55). Teeth on dorsal apical edge of mandible: (0) Present.
(1) Absent.

36 (56). Ridge delimiting apical mandibular concavity: (1) Hid-
den from above by dorsal apical edge. (1) Visible from above, ex-
ceeding dorsal apical edge.

37 (57). Mandibular apical concavitv: (0) Weakly to moderately
developed. (1) Surongly developed.

38 (58). Mandibular concavity: (0) Oblique, not scooplike. (1)
Scooplike.

39 (61). Labiomaxillary region: (0) Moderatelv recessed. (1) Pro-
duced. (2) Strongly recessed. All andrenids and manv members
of all other S-T families including half of the melittids have State
(0), whicb is tentatively considered plesiomorphic for L-T bees.
Our treatment here is similar to that of other characters that seem
1o be associated with cocoon spinning. (See sections on Selection
and Coding of Characters of Mature Larvac.) McGinlev (1981) and
J- Rozen (in litt., 1993) regard State (1), produced, as ancestral
but for the reasons indicated we suspect that the intermediate con-
dition, State (0), is ancestral for this study.

40 (62). Labiun and maxila: (0) Distinct. (1) Fused.

41 (63). Labiun: (0) Exceeded in length by maxilla. (1) Sube-
qual to maxilla. (2) Exceeding maxilla.

42 (65). Inner apical maxillary surface: (0) Rounded. (1) Pro-
duced mesally. In all Andrenidae, nearly all colletids, and melli-
tids except Dasypoda. State (0) is found. We therefore have changed
McGinley’s polarization for the study of L-T bees.

13 (6‘% 69). Maxitlary palpus: (0) E longate, usually twice as
long as basal dmmmm (1) Apparently ahxun (2) Shorter than
basal diameter.

44 (70). Maxillarv palpus: (0) Slender. (1) Robust. Since State
(0) is found in all andrenids and many colletids. and i half the
melittid genera listed by McGinlev, it is tentatively regarded as ple-
siomorphic.

45 (71). Location of maxillary palpus on maxilla: (0) Apical. (1)
Dorsal. (2) Ventral. State (0) characterizes all but one melittid and
considerable numbers of colletids and andrenids. 1t is therefore
tentatively regarded as plesiomorphic.

46 (72). Galea: (0) Absent. (1) Present. Nearly all S-T bees ex-
cept three melittid generalack the galea, while itis present in many
1-T bees. See discussion in the section on selection and coding of
lzm'a] characters.

7 (73). Labial division into prementum and postmentum: (0)
1\ t."l]\ or absent. (1) Strong. All andrenids, nearly all halictids, and
about half the colletids have State (0), which also occurs in the
melittids Hesperapis and Capicola. We tentatively accept the potar-
ity indicated. This character is largely associated with Character
39 "md the same comments apply to both.

8 (76). Labial palpus: (0) Shorter than maxillary palpus. (1)
Sub(qual to or longer than maxillary palpus. State (0) occurs
in all andrenids, most colletids, and all hut Macropis in the Me-
littidac. This state is therefore considered plesiomorphic for
L-T bees.

49 (77). Salivary lips: (0) Greatly reduced or absent. (1) Well
developed. Although variable in melittids, the presence of State
(0) in all andrenids and nearly all colletids and halictids suggests
the polarity indicated.

50 (79). Salivary opening: (0) Transverse. (1) Recurved. (2) Cir-
cular or oval. All the melittids have State (0). Other S-T bees
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mostly have states not represented among L-T bees, although
some colletids have State (0).

51 (80). Salivary opening: (()) Nearly as broad as distance be-
tween labial palpi or broader. (1) Much narrower. Although melit-
tids are variable, all andrenids and halictids and all colletids except
Colletes have State (0), which is therefore considered plesiomor-
phic.

52 (81). Position of salivary opening on labium: (0) Apical. (1)
Dorsal. State (1) is found only in Xvlocopinae.

53 (84). Hypopharyngeal size: (0) Normal. (1) Enlarged. Among
L-T bees, State (1) occurs only in certain parasitic bees.

54 (85). Apex of hypopharynx: (0) Rounded. (1) Bilobed. Al
though variable in melittids, this character is as State (0) in all hal-
ictids and andrenids and nearly all colletids.

55 (87). Hyvpophyrangeal groove: (0) Distinct. (1) Absent orin-
distinct.

56 (88). Body integument: (0) With patches or trunsverse rows
of conspicuous spl(nles orsetae. (1) Without conspicuous spicules
or setae. Rozen (1987, p. 8) showed that this and the next char-
acter, as treated by McGinlcy (1981), require restatement. While
constrained by the character states as recorded bv McGinlev, we
have tried 1o word the characters in wavs that remain meaningful
for analysis. The “setae” of many megachilids are primarily elon-
gate, erect spicules. A few true setae are intermixed, and are as
long as the spicules. The hairy appearance of most megachilid lar-
vace is a strong apomorphy (Character 57). Character 56 has to do
with patches or rows of spicules and setae, mosily directed back-
ward, not comparable to the generally distributed erect hairs
found on many megachilids.

57 (89). Body integument: (0) Apparently nonsetose. (1) Seem-
ingly conspicuously setose. Sphecids and most megachilids are con-
spicuoushy hairy, and as pointed out by McGinley (1981) and
Michener (1953), this should be the plesiomorphic state. 1lowever,
near absence of hairs in all ST bees except certain melittids re-
quires 115 to polarize this character as indicated above, imphing a
reversion in megachilids. Presence of hairs in most allodapine lar-
vae shows that they can appear in lines that nearly tack them.

58 (92). Paired dorsal darkened areas on thoracic segiments: (0)
Absent. (1) Faintly evident.

59 (93). Bodh length: (0) Moderate. (1) Long.

60 (94). Body form: (0) Robust to moderately robust. (1) Slen-
der.

61 (95). Body, as seen in side view: (0) Widest medially. (1) Widest
posteriorly.

62 (101). Median dorsal abdominal tubercles: () Absent. (1)
Present.

63 (102). Dorsal conical tabercles, two per segment, usually dark-
ened and pointed, on thorax and at least first abdominal seg-
ment: (0) Absent. (1) Present.

64 (105). Venter of abdominal segment INX: (0) Not protuber-
ant. (1) Protuberant.

5 (106). Length of abdominal segment N: (0) Moderate. (1)
Long. (2) Short.

66 (109). Venter of abdominal segment X: (0) Rounded, not
produced. (1) Produced. This character is sufficiently viariable
among S-T bees that the polarity has to be considered doubtful.

67 (111). Dorsum of abdominal segment X: (0) Without trans-
verse line or ridge. (1) With transverse ridge. (2) With transverse
line. This character varies in Melittidlae but shows State (0) in all
Andrenidae and nearly all Colletidae.

68 (113). Anus p(mlmnc {0y Apically. (1) Dorsally. (2) Ven-
trally.

69 (116). Spiracular sclerites: (0) Absent. (1) Present.

70 (117). Spiracular atnal shape: (0) Subglobular to subquadrate
to broad and rounded. (1) Very broad and shallow. Because State
(0) occurs in all mellitids and andrenids as well as some colletids,
we consider it plesiomorphic for L-T bees.

71 (118). Spiracular atrium: (0) Not or little produced above
body surface. (1) Strongly produced. State (0) is found in almost
all S-T bees except some melittids.
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72 (119). Spiracular airial wall: (0) Not ridged. (1) Ridged.

73 (120). Spiracular atrial wall: (0) Without spines. (1) With small
spines or denticles. (2) With long spines. Spines or denticles are
widespread and may be plesiomorphic for bees asawhole, but since
all andrenids, nearly all mehttids, and many colletids have State
(0). we consider it plesiomor phic for this study.

74 (121). Spiracular atrial rim: (0) Present. (1) Absent.

75 (122). Width of spiracular peritreme: (0) Narrow (even ab-
sent) to moderate. (1) Very wide.

76 (125). Primary tracheal collar: (0) Smooth. (1) Spinose.

77 (126). Spiracular subarrial length: (0) Moderate, more than
two to four times atrial length. (1) Over four times atrial length.
(2) Twice atnal length or less. Although all melittids except
Meganomia have State (0), variability in other S-T bees makes our
polarity for this character inconclusive,

Table 3 shows the states of the larval characters for the species
included i this study.

PHYLOGENETIC ANALYSES

Computer analyses of exemplar species using data in the
character matrices (Tables 2 and 3) were made with Hen-
nigd6 1.5 (Farrs, 1988) running on a Zenith 386. Certain
analyses were also made with PAUP 3.0g (Swofford, 1990)
using heuristic search with TBR branch swapping and the
Deltran option. The results were identical to those obtained
with Hennig86. Analyses that resulted in more than one tree
were each summarized by a consensus tree using HenmgS86.

Maddison (1991) has demonstrated that sometimes mul-
tiple islands of minimum-length trees exist and that not all
of them are found in simple analyses. Therefore, using the
trees produced by the algorithms h, h* m, and m* provided
by the Henmm\h program and two arbitrarily constructed
trees, a mulnple imrch for minimum-length wees was made
applying the branch swapping alg()rnhm bb*. For most
analyses a single set of such trecs was obtained, but in the
study of larvae (Analysis E) two islands of trees were found.

In studying the cladograims, and seeing that a character
state appears at two or more widely different places, it is
tempting to re-examine the characters, discern differences
between apparently distantly related possessors of a given
state, and decide to make two or more characters, thus
eliminating apparent convergence. We have done very lit-
tle ol this, although the result would have been cladograms
with higher consistency indices. This sort of activity isrlikcl)
1o be highly subjective, because with the desire to improve
the tree, one can often find differences between similar strue-
tures in different clades that can be interpreted as indica-
tions of independent origins. 1t seems better not to engage
in such potentially circular activity exceptin the clearest cases.
See also Concluding Remarks.

In the analyses presented below, we have notintroduced
differential weighting of characters. To do so ad hocis ar-
bitrary. We tried the successive weighiting option of Hennig86
butas might be anticipated, itaccentuated the predominance
of correlated characters refated to the parasitic way of life.

Within most of the analvses (A to H) the various mini-
muni-length trees were similar to one another in the topol-
ogy of larger units and 10 a considerable extent were fully
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resolved. We therefore selected a minimum-length tree for
presentation of some of the analyses. When such wees dif-
fer, resulting in polytomies i1 consensus trees, the matter
is menuoned below, as are the wwo islands of wees in Anal-
ysis E.

The following is a list of the analyses:

Analysis Awas based on the full matrix (82 taxa, 131 char-
acters) of adult characters. (See Table 1 for list of taxa, List
of Adult Characters for character state codes, and Table 2
for the matrix.) Tree length (L) was 894, number of mini-
mum-length trees (T) was 756, consistency index (ci) was
19, retention index () was 65. One of these trees is shown
as Cladograms la and 1b. After the first branch swapping
a full buffer prevented further swapping. For this reason Anal-
vsis B was performed.

Analysis Bwas based on a matrix reduced in information
content by collapsing to polytomies four groups, namely,
Melittidae (Cladograms la, 1b, Node 2), Megachilinae
(Node 7), Emphorina (node above 34), and Eucerini (node
above 39). Collapsing was done by changing characters of
taxa that varted within the group to the state tound in the
root of the group in Analysis A. When the state of a char-
acterm the root was equivocal it was not changed. Thus the
matrix was the same size as for Analvsis A but indicated much
less diversity for the four groups listed. For Melittidae, char-
acter 73 was equivocal and character 100 was also not col-
lapsed because to do so would have made two submarginal
cells plesiomorphic, whereas we believe that three is the ple-
siomorphic condition. Other characters that were equivo-
cal were, for Megachilinae, 79; for Emphorina, 21; and for
Eucerini, 121, Statistics for Analysis B: L. 762, T 270, ci 22,
ri 70. There was no pr oblem of a full buffer limiting swap-
pmq No cladogram is provided to represent results ()f Anal-
vsis B because tree topologies were so similar to those of
Analysis A,

Analysis Cused the same modified matrix as for Analy-
sis B, except that five characters (19, 29, 84, 105, and 113)
that seem related to cleptoparasitism were omitied. The de-
rived state of each of these characters is found only or
largely among parasitic bees and the ancestral state among
nonparasitic bees. This manipulation was made because in
Analyses A and B, features characteristic ol parasitic taxa
appeared as ancestral for both parasitic and nonparasitic
bees. We reject hypotheses that a nonparasitic bee could
evolve from a parasitic ancestor, because of the parasites’
loss of behavior and structures (like the pollen-carrying
scopa) necessary for successtul nest construction and pro-
visioning. Statistics: L 719, T 176, 1 23, ri 70. The basal parts
(i.e., to the tnbal level but largely without genera) of one
of the trees is shown as Cladogram 2a, and a simplified ver-
sion in Cladogram 2b.

Analysis D used the mauix of Analysis A except that all
cleptoparasitic taxa were omitted, resulting in 54 included
taxa. Like Analysis C, this was an effort to determine whether
the pdl'l\l[l(‘ taxa were greatly influencing, because of con-
vergence misinter plt’l('(l as h()mnl()tr) relationships shown
among nonparasitic taxa. Statistics: L. 628, T 1712 plus over-
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Fable 3. Matrix of Character States for Mature Larvae
The characters and states are explained in the Annotated List of Larval Characters.
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1Tow. ci 26, 11 66. The consensus tree based on the 1712 trees
is shown as Cladogram 3a.

F. A. Silveira repeated our Analysis D and then re-exam-
ined the relatonships using successive approximations char-
acter weighting (Farris, 1969). Statistics: 1. 635, T 8, ci 26,
11 66. The topology different from that of the first part of
Analysis D is presented in Cladogram 3b.

Analysis 12 was based on the matrix of characters of ma-
ture farvae (61 taxa, 77 characters). See Table 3 for the ma-
trix and taxa and the List of Larval Characters for characters
and states. Two islands of trees were found. For the larger
island, the statistics are: L. 482, T 176, ¢i 18, 11 67. The con-
sensus tree is shown as Cladogram 4. The smaller island re-
sulted in 16 trees, and otherwise the same statistics. As
noted below, the trees of the smaller island were not use-
ful and no cladogram representing them is presented.

In order to compare analyses based upon larval and adult
features, we reduced matrices to inctude only taxa for which
both character sets were available, as follows:

Analysis 1 was based on larval characters (47 taxa, 77
characters). Staustics: 1411, T 12, 1 21, r1 63.

Analysis Gwas based on adult characters (47 taxa, 131 char-
acters). Statistics: L 625, T 940, ci 27, ri 62.

Analysis Hwas bhased on a matrix (47 taxa, 208 characters)
consisting of both larvatand adult characters, i.e., matrices
for Analvses F and G combined. The taxa are those in com-
mon at the genus level between Analvses A and E, except
that kuval Allodape and adult Braunsapis characters consti-
tute one taxon for purposes of Analysis H. Likewise adult
Biastes and larval Neopasites were associated, as were adult No-
mada (Pachynomada) and tarval Nomada (Nomadas. str.) Sta-
tistics: L1079, T 1, ¢i 24, 11 60. The single tree, in summary
form, is shown as Cladogram 5.

In Cladograms | and 2 certain nodes are numbered, 1-
39 in Cladograms la and 1b and 40-59 i Cladograms 2a
and 2b.

Analysis A: Of the trees derived from Analysis A, we pre-
sent one (Cladogram la) m full detail because it is based
on all the taxa and all the characters. As will be shown
below, other analyses provide better phylogenetic hypotheses.

A striking leature ol Cladograms la and 1bis the exten-
sive resolution. The consensus tree (Cladogram 1b) shows
few polytomies; that is, most of the topological features of
Cladogram la are found in all the trees based on Analysis
A. The polytomies in the consensus tree (which in all other
respects, ol course, is like Cladogram la in topology) are
listed below: the genera included in the family-group taxa
are histed in the section on Classificatory Results.

I. Within the Melitidae (Node 2), four groups form a poly-
tomy: Macropis, Dasypoda, Hesperapis, and a common stem
for Melitta and Megaromia.

2. Within the \lcqachllmde (above Node 7), a polytomy
supports four branches: Osmia, Hoplitis, the Megachilini
and the Anthidiini.

3. Isomalopsis, Exomalopsis, and the stem leading to all
taxa above (Node 31) form a trichotomy. (See reanalysis by
Silveira, 1993.)
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4. Immediately above this trichotomy there is another con-
sisting of (h’no/)[rr[r(/ the I*mphmml, and the (Eucerini +
Tarsalia) + the Tapinotaspini (Nodes 33, etc.).

5. Within the Emphorini (node above 34) there is a tri-
chotomy consisting of Melitoma, Diadasia, and Diadasina +
Prilothrix.

6. Within the Tapinotaspini (Node 37) there isa polytomy
consisting of Caenonomada, Monoeca, Paratetrapedia + the
subgenus Arkiysoceble, and Tapinotaspis + the subgenus
Tapinorhina.

7. Lucerinoda, the vest of the Eucerini, and Tarsalia (An-
cvlini) form a tiichotomy (Node 38).

8. Within the subtribe Eucerina (node above 39) there
is a trichotomy consisting of Canepliorula, Melissodes + Svas-
tra, and Eucera + Peponaps.

Items 3 and 4 in the above list are the only ones involy-
ing stems leading to other nm]m taxa.

Thele are few uniquely derived characters supporting the
major (lower) nodes of Cladogram 1; a strong exception is
Character 131 (number ol ovarioles or testicular tubules)
in Node 5. 1t is not surprising that some of the nodes, es-
pecially those supported by few characters (e.g., 9,17, 19,
27), are weak and for l)mloglml understanding should be
collapsed on the basis of our study. Further study by Silveira
(1993), however, supports some of these nodes.

The characters ol Node 1 (the common stem) include
two apomorphies of melittids and 1.-T bees together (27-1,
42-1). A discussion of these and other common characters
of Melittidae and L-T bees was given by Michener and
Greenberg, 1980. Characters 68-3 (pre-episternal ridge)
and 100-1 (submarginal cells) are reductions that are reversed
at various points on the tree. We do not believe that they
represent the true course ol evolution because regaining
of tost structures (e.g., a wing vein, character 100) is unlikely.
See subsequent analyses for discussion.

Characters of Node 3 include several features of the
mouthparts (34-1, 35-1, 41-1, 45-1, 48-1, 51-1, 52-1, 53-2 and
56-1) that are characteristic of 1-T bees and dilterentiate
them from ST bees. Although the node is strongly supported,
for most of these characters there are scattered reversals,
and all but 56 reverse at least once. Ctenoplectra is the only
taxon that reverses several (seven of nine) ol these charac-
ters, including 48-1 which is the hallmark of L-T bees. Char-
acters 76-1 (hind coxal articulation) and 91-1 (shape of
middle tibia of female) are also features ol most 1-T bees,
with only one reversal (Tapinotaspis) for 76 and scattered re-
versals for 91. Characters 84-1 (basitibial plates) and 113-1
(prepygidial fimbria) represent losses at Node 3; the struc-
tures reappear again elsewhere on the tree. Regaining of
lost structures is not evolutionarily likely.

Node 5 is strongly supported by character 40-1, which is
reversed onhy in Node 23, Character 122-1 is reversed only
within Nomadinae and in Coelioxoides and fsepeolus. Character
131-1, four ovarioles or testicular tubules instead of three
as in Megachilidae and S-T bees, does not veverse although
more than four (131-2) occur in most Nomadinae, in fr-
crocts and in Apis. Character 105-2, a very short jugal lobe,



LONG-TONGUED BEES

is primarily a feature of parasitic bees. In the cladogram it
is reversed in Nodes 19 and 21, We do not believe this rep-
resents a likelv evolutionary pattern, although we know
nothing of the function of the jugal lobe or why it should
be small in parasitic bees. Character 126-2 (volsella) is a loss.
The volsella reappears in Node 21, in the Osirini, in the
Isepeolini, in Coelioxoides, and in some Nomadinae. Since
reacquisition of a lost structure is improbable, we question
the probability of this reappearance.

Node 7 (Megachilinae) is supported by Characters 1-1
(subantennal sutures) and 31-1 ((listi\‘lipinl pm(es‘s) found
only in this subfamily, although neither is conspicuous or
uniformly well (le\elupe(l Character 7-1 (long labrum) ap-
pears s also in Neofidelia, Thyreus, and some Nomadinae, al-
though in the Apidac with a long labrum. it does not have
the broad basal articulation 1o the Ll\"pun found i Megachil-
inae, and is clearly independently evolved.

Node 8 (Nomadinae) is supported by Character 53-1,
which represents reduction ol the flabellum as is [requent
in parasitic (and some other) taxa. Character 111-1 (shape
of S6 of female) is unique for the Nomadinae. Character
131-2 (more than four follicles) occurs in all Nomadinae
for which the character is known except some species of No-
mada. The clades within the Nomadinae are considered in
the discussion of Classificatory Results.

Node 9 is supported by Characters 23-2 and 30-1, which
are reversed in scattered taxa, Character 127-1 (spatha pres-
ent) should probably be in Node 5 since most Nomadinae
that do not have reduced genitalia have a spatha. The spatha
is lost in scattered taxa above Node 9.

Node 17 is best supported by Character 68-1 (pre-episternal
internal ridge cunving back 10 scrobe) . but the ridge 1s re-
duced or lost in various taxa (mostly parasitic) and extends
a short distance downward (68-0) in Isepeolus. This node is
not strongly supported.

Most of the remaining numbered nodes, likewise, are
supported principally by characters that are weak because
of repeated reversals and appearance of the same states
also elsewhere in the tree. The tollowing are the node num-
bers, each followed by a dash and numbers of character
states that are infrequently reversed or repeated elsewhere
1 the study and therefore appear 1o give the stronger
support for each: 18-50-1, 79-1; 19-89-1; 20541, 74-1; 21—
104-1: 23-90-1, reversal 4()-(). 924-101-1, reversals 80-0, 91-
0; 26—reversals 5-0, 75-0; 30-89-2; 31-62-1, 70-1, 79-1, 121-2,
reversal 80-0: 33—58-1; 35-90-1; 36-63-1, reversal 6-0; 37—
32-1, 72-1. Particularly weak nodes are 17, 18, 19, 21, 27,
30, 32, and 35.

The following are comments on strengths or weaknesses
of the other numbered nodes.

Node 22 is supported especially by Character 106-2 (long.
obllque vein cu-v of hind wing)., which is found only here,
although aless extreme version (106-1) occurs in some An-
Ihophonm and in Rhathymus. Character 41-2 also appears
in Anthophorini. Character 101-1 also appears in An-
thophorini and elsewhere. Character 102-1 also appears in
Anthophora and Cenlris, as well as elsewhere, Character 125-
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2 occurs also in Epichars, some Osiring, and some Nomad-
inae. None ol these characters seems related to the para-
sitisi of the Ericrocidini and Melectini,

Node 25 (the apine clade) 1s one of the best-supported
nodes in the study. Character 60-1 (expanded pollex) is
unique except for the very different sort of expansion in
Megachilinae. Character 85-1 (tibial corbicula) occurs else-
where only in Canephorula. Other characters having to do
with pollen manipulation and transport, Characters 86-1,
87-1, and 88-1, are unique to this node except that 87-1 oc-
curs also in Ctenoplectra and 88-1 is reversed in Meliponini.
Character 742 occurs also in some Melectini and Ericroci-
dini. Characier 78-1, otherwise unknown in L-T bees, 1s re-
versed in Meliponini. Thus this node is supported not only
by the well-known hind tibial characiers but also by other
features. Character 105-3 (loss of the jugal lobe), however,
is reversed to 105-0 in Apzs and Meliponini. Reappearance
of lost structures is improbable and this reversal is evolu-
tionarily unlikely: independent losses in Euglossini and
Bombus involve the same number of steps as one loss and
one gain and would be more likely,

Node 27 seems supported by Character 29-] (stipital
comb). This character. however, appears also at Node 23
and in most Osirini. Moreover, some Nomadinae have stip-
ital concavities: they are probably derived from ancestors
with the comb. Probably 29-1 should be at Node 5, asa char-
acter of Apidae, lost in numerous parasitic taxa. If this were
done, Node 27 would have little support.

Node 28 has lour reversals (6-0, 80, 23-0, and 30-0) of char-
acters that appeared in Nodes 5 and 9. This supports the
movement of the Xylocopinae toward the base of the tree
as in Cladograms 2, 3, and 5, eliminating the reversals.
Character 120-2 is found elsewhere only in Apes, where it
looks very different.

Node 29 s supported by Characters 3-2 (facial foveae) and
4() 1 (incised base of labial palpus), which reverse to 3-1 and
49-0 in Node 33 and thus characterize the Exomalopsini.
Morcover Character 75-1 is a reversal from 75-2, and goes
back to 75-2 in Node 33. For further consideration of the
Exomalopsini, see Silveira (1993).

Node 32 is supported by Character 19-1 which, however,
appears in many other parasitic groups, but not in pollen-
collecting bees. Itis probably a convergent feature of para-
SIS mlh(r than an indication of |)l)\l( tic relationship.
The other characters on this node are weak; the node itself
should probably be eliminated in favor of a polvtomy at
Node 19.

Node 34 (Emphorini) is supported by Character 67-1,
which is unique to the Emphorini. Character 11-1 (inter-
nal antennal sclerite) appears elsewhere in Coelioxoides and
is only partly developed in Ancyloscelis.

Node 38 (Eucerini + Tarsalia) is supported by Charac-
ter 124-2, which appears also in All()(ldplﬂl and Nomadinae
butis so differentas to be a good eucerine +ancyline char-
acter,

Node 39 (Eucerini) is supported by Character 12-1, which
is unique for this group.
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Cladogram la. One minimum-length tree based on Analvsis A showing relationships based on adult characters among represen-
tative genera of long-tongued bees. The base of the cladogram is at the lower left of the first page. Characters are numbered accord-
ing to the Annotated List of Adult Characters. Character transformation is symbolized as follows: dots indicate changes that occur
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and arrows indicate continuation of the tree on another page. Capital letters and black squares serve to match branches of the tree
in the same page. Node 2 subtends the Melitidae; 4, the Megachilidae: 8, the Nomadinae; 25, the apine clade; and 28, the Xylocop-
mac.

Continued on page 148
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Eremapis

Cladogram la, continued.

Analysis B: As explained above, this analysis contributed  that they were similar to the subset examined in Analysis A
nothing ol impaortance to our understanding of phylogeny — provides important support for this analysis.
since the trees produced were very similar to those of Anal- In Analysis B the number of submarginal cells (Charac-
vsis A. On the other hand, Analvsis B added to our confi-  ter 100) does not reverse from two to three, as in Analysis
dence since we could examine all the shortest trees. The fact A,



LONG-TONGUED BEES 149
o
=
3]
= =
oL Q
o @ E
© = @ Oc
he] ©w © cg
) O, & S
a © ° O 9&
2 B3k Sasg w=
w0t Wyp=p © =
7} 2‘38: 50 8 a
& 9&69 c3 3 <
258055 BL2
£ ®g =7
acn ng 5 ©
L =2 2 c Cx 2 ©
TEs e 2 8a¢c ©
= ho 0 (] [1s]
c< e O Emge 2 o o 3
=8 S g Svs 8 s © 3.2 c
© o S o awn o =
= o 288 g8 K’ ga, W3l 63 8 34
B > o2 oo 22 SWoe L=
1 G0 Pl crzx]| EY w Oa
o c © & €sg8c] o 8 wgzo
I— 39 .Q<m-g o3 <I.::8 a c8v0oy
37 0|2 og o N
— | a5 85 o ONQ 5 02
38 S5 =8 o| 252
g ;.Elcx © el
36 50w 8 S Do 26 o
ag] edy g M2 23 2
g 8g s gl |< ., &% 1 2
© gg g'.:.‘ » 33 S G gmf_"—a 25 E,
589c0wc 5 = 2= B9 o g 9
82ee=c® 5 @0 17 o T 25 |© © E 5.0
o] >;5>.,O G 00 - (%) =] C Sooo=
28 028 = Quod B2 31 S 392D 24 C 5 30==awm
Zo X GX 0 Vopdne Q0 I VLo ®2 D808
g, © Sog00n = e o] S ZE£QQPE
ISle|258%88 & w a 22 o5 £2683T 5
o 2ocl9a 85 30 ol = 08T € 8o
228€a08 [ | ) 2T, 22119
go Wse Lo — 23] Zod gy =
s=l180 |75 29 28 83 2
gt] o 8 21 83 2
16 15] 3 - 5|3
I 20 @
14 12 a
13 19
10 11 17]
8 9 TR
k] 5
E
) 4
(=
Y]
=39
=20 3
s - 0@
Q- Qa
o o
sl |2
2 w
o
pu
2 1

Cladogram lb. Summary of Cladogram la with characters omitted. Lengths of vertical lines are proportional to the numbers of

characters.

Analysis C: (Note that node numbers 1-39 are for Anal-
ysis A, Cladograms la, 1b. while numbers 40-60 are for
Analysis C, Cladogram 2a, 2b.) Cladogram 2a, based on Anal-
ysis C (five characters associated with parasiisin omitted),
gives some striking rearrangements relative to Analysis A,
There are no longer characters of parasites in the stem
from which nonparasitic taxa seem to be derived. The Ny-

locopinae become the first branch of the Apidae, between
Megachilidac and Nomadinace. In connection with this,
Node 42 1s supported by Characters 460-1, 68-1, 122-1, and
131-1. Character 126-2 (loss of volsella) is reversed higher
in the cladogram, which is not evolutionarily likely. The sup-
port of the Xylocopinae lacks four reversals shown in Node
28 of Cladogram la; these characters appear in Nodes 43
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Protepeolini
Maliponini

Telrapediini

isepeaiini

Ctenopledini

XYLOCOPINAE

MEGACHILIDAE
Euglossini

-4 Tapinotaspini
NS
Lio
)

Erlcrocidini
Maiectini

£
2
=
=
-3
(&

MELITTIDAE

Anthophorini

Rhathymini

Cladogram 2a. Basal parts (to families, subfamilies, and tribes) of tree based on adult characters, Analysis C (five characters re-
lated to parasitism omitted). The base of the cladogram is at the left.
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aclers.

and 44. These nodes are supported by characters that were
reasonably strong in Analysis A.

Node 45 is e ssemmll\ like Node 18. Also the Te trapediini
is supported by largely the same characters in Analyses A and
B but Nodes 46 and above are substantially rearranged. The
Anthophormi and Centridini are dissociated, the Ll[[(l be-
coming the sister group of the apme group of tribes. The
consensus tree (Cladogram 2b) shows a polvtomy of four
branches: (a) Centridini + the apine clades, (b) Anthophorini,
(¢) Rhathvmini. and (d) Melectini + Ericrocidini.

Node 51 is supported ouly by Character 127-1 (spatha).
As noted in Analysis A, this feature appears in branches
throughout the ~\p1d e and should pmbdbl\ be in Node 42,
with 1()\\(\ in certain taxa. Thus 127-1 is probably ple-
siomorphic for Apidae: if so, Node 51 would collapse.

Node 52 1s supported by Character 89-1 which, however,
appears also in Centridini and as 89-2 in Anthophorini.

The Protepeolini (Leiopodus in Cladogram la, 1b) and
Isepeolini are united only by Character 641 (prosternal
arms). A polytomyat 52 is a likely conservative interpretation.
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The positions of Eremapis and Teratognaltia ave supported
by Nodes 53 and 54, whicli have almost the same sets of char-
acters as 29 and 30, Cladogram la. Node 55 is identical to
31, Isomalopsis and Exomalopsis ave united in some of the Anal-
vsis C trees as is shown in Cladogram Ta. See Silveira (1993)
for reanalysis of the F\‘(mml()psini

The remainder of € Jadogram 2ais rather different from
Cladogram la and the [()pﬂl()(r\ of different versions is di-
verse. The consensus tree shows a fiv e-part polytomy as fol-
lows: (a) Ancvlini (Tarsaliain C ld(lugl ams la and ]b) (b)
(Ilenoplecmm, (c) Tapinotaspini, (d) Emphorini, and (e)
Eucerini. As in Cladograms laand 1b, Cauepliorulaisin the
midst of Eucerini, not a basal branch. Of the three topolo-
gies for this part of the cladogram found in Analvsis C, one
is shown in Cladogram 2a and 2b; another is as in Clado-
grams la and Ib. A third shows the following arrangement:
((((Ctenoplectrini, Tapinotaspini) Eucerini) Emphorini)
Ancyvlini).

Analysis D: For this analysis (parasitic taxa excluded), a
summary based on the consensus tree is presented as Clado-
gram 3a. Compared to Cladograms 1 and 2, various simi-
larities are apparent. The Megachilidae are monophyletic
and almostidentical. The \'Vlncopilrw are positioned as in
Cladograms 2a and 2b and identical in branching pdl[( .
(See lhe reanalysis of the \\l()u)pma( in the discussion of
Classificatory Results.) As in Analyses A, B and C, the Exo-
malopsini constitiite a pdmph\lell( group with the taxa
arranged in the same way. (See the reanalysis by Silveira,
1993.) This group is located, however, between the Nylo-
copinae and all other Apinae, which are based on a large
poltomy. In Analyses A, B and C there are two major
branches separated at nodes 17 and 44 (see Cladograms |
and 2). Such branches are not evident in Cladogram 3a, or
in the individual trees upon which the consensus tree was
based. The cight branches of the large polytomy in the
consensus tree are as follows: (a) Tetrapedia, (b) Tarsalia, (c)
Eucerinoda, (d) Clenoplectra, (e) Tapinotaspini, (f) Em-
phorini, (g) Eucerina, and (h) a branch including An-
thophorini, Centridini, and the apine clade. Thus a feature
of Cladogram 3a is the association of the taxa listed under
(h). as in Cladograms la and Ib.

With successive approximations character weighting by
F. Silveira, all eight trees were alike in topology except for
differences within the Melittidae and in the relative posi-
tions of Komalopsis, Exomalopsis, and the stem leading to most
other Apinae. The consensus tree is therefore completely
resolved for L-T bees except for one polytomy. The topol-
ogy for the Megachilidae, Xylocopinace, Eremapis, Teralog-
natha, and the polytomy (Exomalopsis, Isomalopsis, other
Apinac) is as in Cladogram 3a. The other Apinae are divided
imto two main branches, as in Cladograms la, 1b. 2a, and
2b: unlike those cladograms, however, the Eucerini are in
the same major l)lan(h as the apine clade and the An-
thophorini. although near the base of this group and thus
near the other branch. The topology for the Apinae above
the polytomy is shown as light lines, Cladogram 3b.

Analysis E: Based on larvae, this analysis lc'mlts 1N tWo is-
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lands of trees; the major one (176 wrees) is summarized by
aconsensus tree, Cladogram 4. The minor island’s consensus
tree (based on 16 trees) is discussed below. In bees, larvae
that spin cocoons are usually different in labial and other
characters from larvae that liave lost cocoon-spinning be-
havior. However, within L-T bees these differences do not
appear to influence the tree greatly, for most L-T bees spin
cocoons. Characters 43-2. 47-0, 49-1, 50-2, and 51-1 tend to
APPCAT AIong NON-coCOON-spinning taxa: such taxa among
L-T bees are 'I/lyrmls Epicharis, Anthophorini, \\lm()pnne
and Nomadinae, as well as one gr oup of NMelitudae.

In the consensus tree for [hc major island of trees, the
Nomadinae with Isepeolus form a clade. The Brachynoma-
dini is the basal nomadine group in the consensus trec, in
the trees of the minor island, and in Rozen, Eickwort and
Eickwort’s (1978) cladogram based on larvae. Also Neo-
larrini and Biastini are sister groups in these three analy-
ses as are Epeolus and Triepeolus. Otherwise the three
cladograms are quite dissimilar. We do not wish to support
the par Llph\lv of Ammobatini indicated in Cladogram -4 as
well as in the analysis of the minor island of trees.

The rest of the taxa in the consensus tree for the major
istand arise from a large polytomy (6 branches) as shown in
Cladogram 4. One member of this polvtomy contains Rhathy-
mus, the Ericrocidini, Melectini, Ctenoplectrini, Megachil-
idae and the wibes of the apine clade. Within this large
group, the most surprising subgroup consists of the apine
complex and most Megachilidae, with the Megachilidae as
a whole being a paraphyletic unit from which the apine
complex arose. Since we did not directly examine the lar-
vae, but merely used a table of characters, we only present
this strange result, which disappears when larval and adult
characters are used together (Analysis H, Cladogram 5).

The minor 1sland of trees gives strange results that we
find not useful. The Nomadinae are the sister group of Dasy-
poda in the Melittidae. In the consensus tree there is a tri-
chotomy consisting of Capicola, Hesperapis, and Dasypoda +
Nomadinae. This wichotomy is the sister group of all the
other bees in our study, which are divided 11to two groups.
One consists of £ wma[o/;szs Paratetrapedia, the Eucerina, Em-
phorina (the last two as sisters), the Anthophorini, Cen-
tridini, Leiopodus, the last as the sister to Xvlocopinae. The
other consists of the rest of the Melittidae. Isepeolus, the
Melectini, Ericrocidini, Clenoplecira, and the Megachilidae
plus the tribes of the apine clade, the last arranged as in
Cladogram 4.

Analyses F and G: These analyses were designed to com-
pare phylogenies based on larvae (F) and on adults (G).
Many of the groups were alike in the two analyses, but the
connections (i.c., the relationships of major groups) were
often quite different. Comparing the consensus treces, the
following taxa or groups appear in both:

1. Megachilidae. For adults the arrangement is similar to
that of Analysis A. For farvae, Megachilidac are the sister
group to the apine clade and most genera form a pohtomy
except that Neofidelia and Parafidelia form a sister group
arising from the polytomy.
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Cladogram 3: a. Consensus tree based on adult characters, Analysis D (all cleproparasitic taxa omitted). Lengths of vertical lines
are proportional to numbers of characters. b. The same, large polvtomy of 3a, resolyved by use of successive approximations charac-
ter weighting. (This is a consensus tree; polytomies occurred elsewhere.) The generic names are written out in full in Cladogram 3a.

2. Nomadinae.

‘% Nylocopinae. For adults the Xylocopinae is part of the
large polytomy including all L-T bees e \cept Megachilidae
”md Nomadinae. For lan ae the Xylocopinae plus Leiwopodus
constitute the sister group to L‘\mnalo/).szs + Emphorini +
Eucerini.

4. Anthophorini—Centridini. For adults these tribes, as
sisters, arise from the large polvtomy. For larvae these tribes
constitute the sister group to Xvlocopinae + Leiopodus + Ex-

omalopsis+ Emphorini + Eucerini, and the Anthophonni arise
from a paraphyletic Centridini.

5. The apine clade. For adults this clade arises from the
large polytomy, Bombus, Eufriesea, and the rest for ming a tri-
Ch()u)m\' For larvae, this clade is the sister group of \]emu hil-
idae; Bombus is the first branc h, Eufriesea the next.

6. Emphorini. For adults, part of a polytomy including Ex-
omalopsis, Paratetrapedia, and Eucerini. For larvae, the sister
group to Eucerini.
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Cladogram 4. Consensus tree based on the larger island of minimum-length trees using larval characters, Analvsis E. Lengths of

vertical lines are proportional to numbers of characters.

7. Eucerini. See comments on Emphorini.

For adults, the Apidac are the sister group to Megachil-
idae, the two families together constituting the L-T bees. For
larvac, the megachilids are a subgroup within the other L-
T bees and sister group to the apine clade. But at the sub-
family and tribal levels most genera fall within the same taxa
(1-7 above) whether larvae or adult characters are used. The

exceptions are eight genera. Two that clearly constitute the
Melectini (Zacosmiaand Thyreus) n the adult cladogram are
not widely separated in that for larvae. The other six seem
to occupy quite unrelated positions when one compares the
trees based on larvae and on adults. They are Ctenoplectra,
Exomalopsis, Isepeolus, Leiopodus, Paratetrapediaand Rhathymus.
Each of these lacks close relatives available as both larvae
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and adults for our study: they are thus not closely related
to other taxa in Analysis H.

From the above comments it is apparent that while the
smaller groups (largely subfamilies and tribes, but includ-
ing Megachilidae) usually are found in both the larval and
adult cladograms, the arrangement of these groups is in some
cases verv different. Thus while larval characters usually
support adult-based smaller groups, they do not always sup-
port the larger groups based on adult characters.

Analysis H: This analysis was based on larvace and adults
combined. using the united matrices for Analvses F and G:
it resulted in the single minimum-length tree shown in
Cladogram 5. In a few featuresitis similar to the cladogram
based on larval characters (Cladogram ). but in other re-
spects it resembles those based on adults. The following are
mteresting features of Cladogram 5.

Il \]t’llllldde Asn the ]’11'\"1] analysis (Cladogram 1), the
melittids are divided and par dph'\](‘[l(.

2. Megachilidae. This family is not associated with Apini
and its relatives, as in the larval analysis, but within the fam-
ily the Fideliinae is paraphyletic, in contrast 1o Analyses A-
Dand G, C ladograms 1-3. Moreover [lu/)[zfzsau(l Osmiaare
separated ldlh(‘l than being sister groups as in Analysis A
(Cladograms la and 1b).

3. Nomadinae. The included tribes are not arranged as
in the other analvses. See the reanalysis under Classificatory
Results.

4. Esepeolus and Feiopodus ave separated, but as in Clado-
grams la, tb, 2a, and 2b, appear near the base of the
Apinae.

5. There are not two major branches such as separate at
Nodes 17 and 1, Cladograms la, tb, 2a, and 2b. The tribes
of the apine complex are arranged as in Cladograms la and
1b but are not closely 'hs()cmled with Anthophm ini or Cen-
tridini.

6. As in Cladograms 3a and 3b, Ceatrisand Epicharisform
a paraphyletic group from which the Anthophorini arose,
instead of being asister group to Anthophorini as in Clado-
grams la, Ib, 2a, and 2b.

7. Exomalopsis and Paratetrapedia are sister groups, to-
gether the sister group to Emphorini + Eucerini, this whole
complex being the sister group ta Clenoplectra.

Many of the deviations from Analyses A to C are a result
of the limited number of taxa for which larval data are
available. For example, Exomalopsis cannot appear near
other genera of Exomalopsini because there are no laval
data for the latter.

CLASSIFICATORY RESULTS

At least the classificatory levels, and often other features
of classifications, are subjectively determined. No one of our
trees can be used alone for developing a classificatnon. Anal-
ysis A has the full complement of adult characters and avail-
able taxa but results in cladograms in which fe:

wures of

parasitic bees evolve into those of nonparasitic bees, among
other problems. Analysis C partly corrected this problem and
is pmlml)h our best tree on which to base a classification,
although it suffers from collapsing of certain nodes as ex-
plained for Analysis B in the preceding section. Analysis D,
performed to further clarify the problems arising from par-
asitic bees, lacks all parasitic taxa. All other analyses lack many
taxa because of the sparse information on larvae.

The following classification, therefore, is based on avail-
able information from the various analyses. Except for the
Exomalopsini, all family-group taxa are found to be mono-
phyletic in several or all of our analyses. The only com-
monly accepted family-group taxon of L-T bees notincluded
in our study for lack of specimens to dismember, the
Townsendielling, is included on the basis of another study
(Roig-Alsina, 1991). The genera included in the study, and
occasionally others for clarification (the latter in paren-
theses) are listed.

Megachihdae
Fidehinae
Pararhophitini—Pararhophites
Fideliini—(lidelia). Neofidelia, Parafidelia
Megachilinae
Lithurgini—FLithurge
Anthidiini—Anthidium, (Dioxys), Trachusa
Megachilini—Coelioxys, Megachile
Osmumi—Hoplitis, Osmia
Apidae
Nylocopinae
Xylocopini—AXylocopa
“Manueliimi—2>Manuelia
Ceratinini—Ceratina
Allodapini—(Allodape), Braunsapis, Macrogalea
Nomadinae
Ammobatini—Ammobates, Orcopasiles,
Caenoprosopidini— Caenoprosopis
Neolarrini—Neolara
Townsendiellini—(Townsendiella)
Nomadini—Nomada, subgenera Centrias and Pachyno-
mada
Biastini— Biastes, (Neopasites)
Hexepeolini—Hexepeolus
Ammobatoidini—(Ammobatoides). Holcopasites
Brachynomadini— Brachynomada, Kelita, Melanomada
Epeolini—Epeolus, Rhogepeolus, Triepeolus
Apinae
Tewrapediimi—Coclioxoides, Tetrapedia
Rhathymini—Rhathymus
I ugl()wm——l ufriesea, Euglossa
Bombini—Bombus
Apini—Apis
Meliponini—>Melipona, Partamona, (Frigona)
Centnidimi—Centris, Epicharis
Anthophorini—Authophora, Deltoptila, Habropoda
Ericrocidini—£Eriocrocis, Mesonychium, Mesopla
Melectini—(Melectaj, Thyreus, Xevomelecta, Zacosmia
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Cladogram 5. Minimum-length tree based on larval and adult characters, Analysis 1. Lengths of vertical lines are proportional to
numbers of characters.

Osirini—Ecclitodes, (Epeoloides), Osiris, Parepeolus Eucerinodina—FEucerinoda
Protepeolini—Leiopodus Eucerina—Cauephorula, Eucera, Melissodes, Pepon-
Isepeolini—Isepeolus, Melectoides apis
Exomalopsini—Eremapis, xomalopsis, Isomalopsis, Ter- Emphorini

atognatha Ancyloscelina—Aneyloscelis
Ancyhni—(Aneyla), Tarsalia Emphorina—Diadasia, Diadasina, Melitoma, Ptilothex

Eucerini Ctenoplectrini—Ctenoplectra
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Tapinotaspimi—Caenonomada, Monoeca, Paratetrapedia
and subgenus Arbysoceble, Tapinotaspis and subgenus
Tapinorluna

Our cladograms should not be used to develop a classi-
fication of Melittidae. We included melittid genera for our
analvses as an outgroup. To develop a classification of that
familv, more genera, probably other characters, and out-
groups among the S-T bees should be used. Larvae suggest
that the f.uml\ Melittidae 1s not monophvletic and Mic hcnc’
(1981) found no synapomorphies for the family. We, how-
ever, found the small intercalary sclerite between the cardo
and stipes (Character 26-1) which appears to be a family level
synapomorphy. The sclerite, however, is sometimes ex-
ceedingly small and inconspicuous.

The Fideliinae, with its subdivision into tribes Pararhophi-
tini and Fideliini, appears in all wees based on Analvses A
to D. This arrangeinent, although not previoushy for malized,
1s shmilar to that which Rozen (m McGinley and Rozen, 1987)
envisioned. The Fideliinae is strongly suppmlc(l by Char-
acters 83-1,92-1, 1141 and 117-1, the first and last of which
are unique to this subfamily. Another unique character of
the subfamily is the cocoon mixed with sand previously in-
gested by the larva (McGinley and Rozen, 1987).

The position of Lithurge as the sister group of the rest of
the Megachilinae appears in all trees based on Analvses A,
D and H. Synapomorphies of the tribe Lithurgini are listed
by Michener (1983). If one wishes to use the category sub-
tribe, then the Lithurgin and Megachilini could be the two
tribes of Megachilinae, the Megachilini being divided into
the subtnbes Anthidiina, Megachilina. and Osmiina, al-
though in the consensus tree of Analysis A Osmia and Ho-
plitis arise separately from the same polytomy as the other
two tribes. We prefer the classification shown above be-
cause there is no objective basis for changing the established
recognition of Anthidiini, Nlegachilini and Osmiini as tribes.

The subfamily \\locopmde appears as a recognizable
group in all trees. Its position at the base of the ,~\plddc 1S
shown in Analyvses C and D (Cladograms 2 and 3) and it is
near the base (above Nomadinae) in Analvsis H (Cladogram

5). The sister group relationship of \\]()(()l)mac to the
apine clade indicated by Sakagami and Michener (1987) is
seeningly incorrect. As indicated at that time, it was based
largely on the similar structure of S8 of the male, which is
now recognized as a plesiomorphy. There are, however,
behavioral characters such as food storage outside the lar-
val cells that support the supposed relationship of Xvlo-
copinae with the apine clade. We now believe these
behavioral similarities to be convergent.

Within the Xvlocopinae, our analvses show Xylocopa to be
the first branch, while Sakagami and Michener (1987) found
Manuelia to be i that position, i.e.. their tree diftered from
ours in that Manuelia and Xylocopa exc hang(’d positions. We
therefore reanalvzed the NXvlocopinae, using the 41 characters
of the present s[ll(l\ that vary among our e\emp](u s of the
subfamily. repolar ized as nece ssary according to the condi-
tion found in Node 42, and seven additional characters used

by Sakagami and Michener (1987, characters 6, 16, 21-23,
26, 27). The ontgroup used was all plesiomorphies (all 0's).
The rv\‘ull was two equally parsimonious trees (statistics: L
64, T 2, a1 82, 11 71). The difference between the two trees
is in the positions of Xylocopa and Manuelia, one having the
topology of Sakagami and Michener (1987), the other that
of the present study. If one must choose, CDM favors Manuelia
as sister group to the others because of the strong synapo-
morphy of S8 of the male for the other tribes, countered by
a plesiomorphic S8 in Manuelia (Sakagami and Mic hener,
1987). (1t should be noted that I-lgmt' 10 of Sakagami and
Michener [1987] is inverted: the truncated spicutum is di-
rected upward on the page.)

The relationships within the subfamily Nomadinae as
shown in Analysis A (Cladograms 1, 1a) differ in several re-
spects from those based on larvae and those given by Roig-
Alsina (1991). A reanalvsis was made of Nomadinae alone,
using 36 adult characters from the present study repolar-
ized as necessary according to the condition found in Node
43, and adding nine o other characters used by Roig-Alsina
(1991, characters 48, 10-13) but omitted from our study of
L-T bees. Buastes was coded as plesiomorphic for Roig-
Alsina’s character 12 (degree of fusion of furcula) because
of the plesiomorphy seen in its near relative, Rhopalolemma.
Asingle shortest tree (L 114, T 1, ¢1 46, 11 56) was found. It
is hike that of Roig-Alsina (1991} in topology except that the
positions of Hexepeolus and Nowmada ave reversed. This re-
analyzed tree of Nomadinae is presumably more reliable than
that shown in our cladograms.

Our trees and Roig-Alsina’s based on adults show Oreop-
asites and Cuaenoprosopis as the sister group to the rest. We
considered using this division to recognize two tribes, each
with subtribes. The larvae do not at all support such tribes
(see Analysis F and Rozen, Eickwort and Eickwort, 1978) and
in the study by Roig-Alsina (1991) Townsendiella could be
equally parsimoniously placed in either tribe. Furthermore,
the detailed analvsis bv Alexander (1990) does not demon-
strate the two major groups within the Nomadinae that we
found. We therefore retain the numerous tribes of previ-
ous works, and for consistency add two new ones, the Hex-
epeolini (new familv-group name for Hexepeolus) and the
Brachynomadini (new family-group name for Brachyno-
mada, Iwhm Melanomada, Paranomada, and Triopasites). The
Brachynomadini is the melanomadine complex of Alexan-
der (1990).

The reason for the great difference hetween our results
and Alexander’s mav include the lollowing: He included taxa
that we do not believe are Nomadinae: if we are correct his
group was not monophyletic. Moveover, on the basis of in-
formation then available. he considered the Exomalopsini
to be the outgroup: his polarization of some characters
would therefore have differed from ours.

The Tetrapediini includes both Tetrapedia and the para-
sitic genus Coelioxoidesin Analyses A and C (Cladograms la,
I1b). Thus the placement of Coelioxoides by Roig-Alsina (1990)
is supported. The two genera are so different (Coelioxoides
being parasitic), however, that thev might well be placed in
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separate subtribes. Since each would include only one
genus, such subtribes would serve little purpose.

In Analyses A and G the Anthophorini and Centridini are
sister lrmups whereas in Analysis C they are widely scp;lr;m-(l
and in D to F and H Centridini appear as par. dpll\]( tic with
Anthophorini as the sister group either to Epicharis (Anal-
yses B F. H) or to Centris (Analysis D). We prefer to regard
the Anthophorini and Centridini as separate, probably
monophyletic tribes (see, however, the cladograms of Sil-
veira, 1993). The association of the three genera of An-
thophorini in our study is consistent and we do not believe
that the tribal name Habropodini used by Brooks (1988) is
necessary.

The tribes of the apine clade are Euglossini, Bombini,
Apini and Melipommni. One of us (AR-A) would prefer to
regard these as subtribes of a tribe Apint, to show their re-
tauonship to one another. The other (CDM) argues that the
great differences among the four taxajustify recognition of
each at the tribal level.

The many common characters of the apine clade (Nodes
25, 60) have been used in the past to justily family status.
Michener (1944), however, united the Apidae and Antho-
phoridae under the former name; we support this conclu-
sion, although Michener (1965) later recognized the families
as separate. Those who would recognize a paraphvletic An-
thophoridae from which Apidae arose must demonstrate a
major gap in morphology hetween the two. In view of the
strength of Nodes 25 and 60, this is surprisingly hard to do
when both sexes, both female castes, and all included taxa
are considered.

The arrangement of the lour tribes of the apine clade is
the same for Analyses A, C, D, and H (Cladograms 1, 2, 3,
and 5). This is one of Michener's (1990¢) wwo preferred
arrangements: the other was a dichotomous arrangement
(Michener’s Figure 1) which is not supported by our study.
Our arrangement is also the same as that proposed by Pren-
tice (1991).

There is no morphological support for the sister group
relationship of Bombini and Meliponini proposed by
Cameron (1991) on the basis of mitochondrial DNA se-
quences and by Sheppard and McPherson (1991) on the
basis of ribosomal DNA sequences.

The Ericrocidini and Melectini appear as sister groups in
Analyses A and C (Cladograms 1 and 2). Since the common
characters that indicate their relationship (see discussion
of Node 22 above) are not obviously convergent features re-
lated to parasitic habits, these two tr ibes may be derived from
a common parasitic ancestor.

The position of Osirini, Protepeohini, and Isepeolini well
separated from the Nomadinae support the recent and
sometimes tentative removal of these groups [rom No-
madinae or placement of them as basal branches in analy-
ses of parasitic, Nomadalike bees (see Alexander, 1990;
Roig-Alsina, 1991; and Rozen, Eickwort and Eickwort, 1978).

The Protepeolini (Lewopodus) appear in different posi-
tions in ditferent trees. The association with Isepeolini in
Cladograms | and 2 is weak. The larval characters indicate

wide separation of the two tribes (Cladogram 4) and this is
maintained in Cladogram 5. The modification of the meta-
somal apex associated with egg laying by parasites is so dif-
ferent as to suggest separate origins for the two tribes from
nonparasitic ancestors. In any event, it seems best to sepa-
rate Protepeolini and Isepeolini at the tribal level since the
evidence for a sister group re ;ni(ms‘hip 1s weak.

Protepeolus Linsley and Michener is a junior synonym of
1('10/10(111; Smith (R()xﬁ-z\lsma new synonviny) but the tribal
name is still Protepeolini.

The Exomalopsini in all cladograms based on adults ap-
pears to be a paraphyletic unit. In Analyses A and C this triibe
seems far from the base of the Apimae. However, when one
considers the small number and weakness of characters of

Nodes 9, 17, 19, and 27 or 43, 44, 51, and 52, the Exomal-
opsini are seen to fall rather near the base of the Apinae.
In Analysis D (Cladogram 3) they form the base of the large
sister group to the Xylocopinae and thus constititte the
base of the Apinae, a position not inconsistent with the lar-
val information (Analysis E, Cladogram +4); larvae have not
been described except [or Exomalopsis. In Analysis H (Clado-
gram b), however, Exomalopsis appears with Pa 1)(1[1)1‘)(1[/1'([1(1111
the Tapinotaspini as the sister group to Emphorini and Eu-
cerini.

As noted above in the discussion of Analysis A, Node 29
is supported by three characters that appear in that node,
characterize the Exomalopsini, and reverse in Node 33.
Further analysis will probably reveal more characters with
this distribution and show that the Exomalopsimi is mono-
phyletic. We recognize it as a tribe even if it is paraphyletic.
Reanalysis by Silveira (1993) has provided better but not de-
cisive evidence that it is monophyletic.

Taxa sometimes included in the Exomalopsini that are
here shown to be distinct and not necessarily closely related
to itare the Ancylint, the Tapinotaspini, and the genus An-
ovloscelis in the Emphorini.

The Ancylini (Angylaand Tarsalia, only the latter included
in our stud\) appears in Cladograms 12 and 1b as the sister
group to the Eucerini; in the consensus tree for Analysis A,
itis in a polytomy with Eucerinoda and the other Eucerini.
In Analysis C the consensus tree shows it in a polytomy with
four other taxa, one of which is the Eucerini. In Analysis D
the consensus tree places Tarsalia, Eucerinoda, other Eucer-
i, and five other taxa in a polvtomy. Our impression was
that Ancylini represents a basal branch ol the eucerine clade
but since the evidence was not clear, we maintained Ancylini
as a tribe. Silveira (1993), however, has reexamined the
data, added Ancyla to his analysis, and concluded that a sis-
ter-group re dIlOIlShlp to the Encerini is not likely.

The Euncerini appear consistently as a clade lncluding as
its basal branch the Chilean genus Eucerinoda. Larvae of the
latter are unknown but larval characters group other Eucerini
(Cladogram 4) . Eucerinodalacks various features of the pre-
viously r ccogmied Eucerini including the long paraglossae,
hitherto considered a unique fmtme of the tribe. We there-
fore recognize two subtribes, Eucerinodina and Eucerina,
relegating the former Eucerinodini to subtribal status.



LONG-TONGUED BEES

Canephoruda falls easily within the Eucerina and therefore
the tribe Canephorulini vanishes.

The genera of Emphorini are consistently grouped, with
Ancyloscelis as sister to the others. Placement of Aneyloscelis
in the Emphorini was suggested earlier by ]. S. Moure (in
litt.). 1t is different enough from other Emphorini that we
propose subtribal status for it, the Ancyloscelina new sub-
tribe, as distinguished from Emphorina.

The Ctenoplectrini, the remarkable fcaturcx of which
led to 1ts rccogni[ion as a distinct family (e.g., Michener and
Greenberg, 1980), is a tribe of \pm'lc The characters that
led Michener and Greenber g to place the Ctenoplectridac
as the sister group to all L-T bees are now recognized as re-
versals in the mouthparts toward S-T bee chmdctcnsucs
(see Introduction; also Silveira, i press).

The Tapinotaspini is a new family-group name for a dis-
tinctive group of genera formerly included in Exomalops-
ini. These genera are those of sections I, 2, and
E\onnl()pslm as understood by Michener and Moure (1957);
in that work the relationship of these three sections was rec-
ognized. The proposed relationships of Caenonomada to
Centridini, Rhathymini and Ericrocidini (Snelling and
Brooks, 1985) and ol Monoeca to Centridini (Neff and Simp-
son, 1981) are not supported.

CONCLUDING REMARKS

Our work was based on exemplars of a imited list of gen-
era. Familiarity with other species and other genera suggests
to us that most of the character states that we recorded apply
also to the relatives of each exemplar. But we know of cases
in which this is not true for certain characters, and there
are doubtless many more such cases. Each group needs to
be more broadly examined to clarify such matters. More-
over, each group needs to be reanaly. zed not only to include
genera and species that we did not study in detail, but to
re-evaluate the characters that we did use.

Among the difficulties iy a study of a large group such as
the L-T bees are selection of synapomorphic characters
and coding of their states. One would bias the results un-
duly toward the prior classificationr by using only those char-
acters already known to distinguish recognized taxa; in L-T
bees another problem resulting from such a policy would
be too few characters for a reasonable analysis. We there-
fore used as many polarizable characters as we could find
that were not autapomorphic at the level of our exemplars.
Many of these characters had low consistency indices, re-
versing and rereversing, or a given state appearing to have
evolved repeatedly among dl\ erse taxa. These characters,
however, may be phyvlogenetically important within smaller
groups, such as a tribe. Homologies can be more certainly
appraised within such a group. For such a study the polar-
ity of some characters may be altered relative to our study:
our polarization was for L-T bees as a whole but for dﬂd]\-
sis of a smaller gr oup such as a tribe, polarity should be de-
termined on (he asis of outgroups for that tribe. We hope
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our results will help in selecting such outgroups. Users of
our work for this purpose should note, however, that cer-
tain nodes (we list the worst above) are weak: outgroups
should be selected as though these nodes were p()]\'l()]))i(~\
even though they may be supported in consensus trees
When levels of h()m()pLN are high, as thevwere in this \md\
minimum-length trees based on parsimony mav be ex-
tremely unstable in the face of additional characters or
taxa, so that weak nodes should never be taken too seriously.
As indicated m the section on Classiticatory Results, we
here report reanalyses, with additional characters and re-
polarizations as necessary, for the tribes of Nylocopinae
and Nomadinae. Moreover Silveira (1993) has made such
a reanalysis of the Apinae.

Some preliminary biogeographical comments based on
the distributions of the 41 terminal suprageneric taxa of L-
T'bees are now p()mble The numbers of such taxa in major
biogeographical regions are as follows: neotropical 29,
nearctic 25, palearctic 20, subsaharan Africa 17, oriental 16
and Australia including New Guinea 1. In general these
numbers are correlated with the climatic and ecological di-
versity of the areas. The neotropical region has the great-
est number of taxa. Its great importance for bee taxa is
further shown by the fact thatitis the area of maximum di-
versity for several widespread taxa: Lithurgini, Epeolini,
and Mehponini. The neotropical region also has the great-
est climatic diversity—tropical forest, savanna, southern
temperate areas, inountains, deserts, etc. North America has
great diversity but the North American tropics are placed
in the neotropical region: if one excludes basicallv neotrop-
ical taxa that range into the southern nearctic, there are only
20 nearctic taxa.

Of greater interest are the possible contributions of dis-
tributional patterns to our knowledge of antiquity of taxa.
Fourteen of the taxa are restricted to the neotropical region
or are basically neotropical but extend north only into the
southwestern nearctic region. Absence of these taxa from
Africa suggests that they are probably of more recent origin
than the full separation of South America and Africa: it was
probably Eocene or later before the Atdantic was wide enough
to form a long-term barrier for flving insects like bees.

Two pairs of tribes, each of which may owe its duality to
the long isolation of South America after its separation
from Africa, are the Anthophorini-Centridini and the Melec-
tini-Ericrocidini. (The sister-group r(‘htionship of An-
thophorini and Centridini is by no means certain.) In each
case the first listed tribe 1s \\1(161) chistributed but scarce or
(for Melectini) absent in South America, while the second
is principally South American, although ranging north in
reduced diversity into the southwestern United States. These
tribes arc therefore likely to be vounger than the separation
of Africa and South America. These pairs are not inde-
pendent: the Melectini are cleptoparasites of Anthophorini,
the Ericrocidini, of Centridini.

The Fideliini, a relict group now found in desertic arcas
of southern Africa, with one species of Fidelia in Morocco
and the genus ANeofideliain central Chile, may once have heen



160

widespread, or an old, imited distribution may have been
divided by the spreading Atlantic Ocean.

The pantropical Meliponini, which occurred as far north
as the Baltic region in late Eocene times and as New Jer-
sey in late Cretaceous, probably owes its wide distribution
to its antiquity. Nonetheless. no genera are the same on both
sides of the Atlantuc Ocean (Ml(h( ner, 1990c¢) atlthongh 7rg-
ona occurs both in the neotropics and in the Indoaus-
tralian region; the genera are probably more recent than
the All.lnuc

For the majority of bee family-group taxa, tossit evidence
is totally tacking. Fossils of Meliponini are mentoned above:
for comments on the reliability of the late Cretaceous date
for Trigona, see Rasnitsyn and Michener (1991). Otherwise,
among L-T bees, the apine clade has well-preserved and iden-
uﬁnble fossit species as old as the Eocene (Zenner and Man-
ning, 1976); forms assigned to the Cienoplectrini may be
misplaced.

There is not even a tendency for old taxa (as judged by
the fossil record) to be near the bases of the cladograms.
Of course the fossit record is extremely fragmentary and bi-
ased toward taxa that collect resin for nesting purposes and
thus occasionally are trapped in it and fossilized in amber.
The fragmentary record that we have, however, and the fact
that bee evolution may not have begun until the rise of the
angiosperms in the early Cretaceous, suggest that there
may have been a rapid early radiation, followed by relative
stasis in some clades. Families well represented in Australia
are ST bees (Colleudae, Stenotritidae, and Halictidae) and
the Colletinae show congeneric relationships to South
American forms. Therefore the major radiation of S-T bees,
at least the Colletinae, presumably preceded the interrup-
tion of the Australian-South American biotic exchange
through Antarctica.

There are no family-group taxa of L-T bees limited 10 or
highly diversified in Australia. Therefore L-T bees there are
relatively recent arrivals, and L-T bees as a group must be
more recent, at leastin the southern hemisphere, than the
time when Australia became isolated from other land masses.
Thus the major early radiation of L-T bees either postdated
that time or pmslhl\ was in other parts of the world.

Appendix: NUMBER OF TUBULES IN REPRODUCTIVE
ORGANS

The number of ovarioles per ovary and ol sperm tubules per
testis (Character 131) is one of the strongest characters {or scpa-
rating families of L-T bees. Of course dissections have not been
madec for atl genera; exceptions mav vet be found. Based on the
literature and our own dissections, the numbers are the same for
ovaries and testes, and are three for ST bees and megachilids, four
lor ‘Apidae except that in Apis and some parasitic groups (No-
madinae, Ericrocis) there arce even more. This statement 1s based
in part on the literature (Alexander and Rozen, 1987; lwata, 1955,
Iwata and Sakagami, 1966: Rozen, 1986; Rozen and Roig-Alsina,
1991 and numerous works on haliciid and allodapine bee lile his-
tories and social biology, in which ovarian development has been
routinely examined. and number of ovarioles icidentaily re-
ported or llustrated; sce citations in Michener, 1974, 1990a, b).
In addition the results of new dissections are hslvd below:

Jander, R

Ttte UNIVERSITY OF KANSAS SCIENCE BULLETIN

Females, number ol ovarioles per ovary: Manuwela gayatina (Spin-
ola). +: Ancyloscelis apiformis (Fabricius), 4.

Males, number of tubules per ((‘itii‘ Hesperapis carinata Stevens,

A, Anthidim /mrlmm'( ockerell, 3; Megachile mendica Cresson. 3;

A\lr cachile petulans Cresson, 3; A\sluru/m virginica (1 nnnwm) 4 Cer-
atina calcarata Robertson, 4: Trepeolus «Il\tm:tus Cresson, 5; Bom-
bus pennsylvanicus (DeGeer), i Bombus bimaculatus C I(S\()ll. 4;
Euglossa viridissima Friese, 4. Exomalopsis pygmarea (Cresson), 4,
Paratetrapediasp., 4 l"[lln{z’m\ bombiformis (Cresson) |5 Diadasia baeri
(Vachal), 4; Melissodes agilis Cresson, 4 Svastra obliqua (Say), 4: Pe-
ponapis pruinom (Sav), »{; Anthophora walshii Cresson, 4 Habropoda
pallida (Timberlake), 4: Centrs atripes Mocsary, 4.
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